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Summary. —- The angular correlations in K~+p— A®+x++7x~- process 
are investigated in terms of the A-z resonance (Y*) isobar model. Two 
regions of the incident K-meson energy are considered: one is the region 
which gives separated bands in the Dalitz plot; the other gives overlapped 
bands. If the produced Y* is polarized for the separated case, it is shown 
that the forward-backward and outward-inward decay asymmetries 
of the A° give useful information to determine the spin and parity of the Y*. 
For the overlapped case, it is shown that there is up-down asymmetry 
ot A-decay with respect to the plane containing A°, z+ and x in the center 
of mass system, and this asymmetry gives useful information to determine 
the parity of Y*. 


1. — It has been reported (1) that the pion-hyperon resonant state (Y*) 
has been observed in the reaction K~+p—-A°®+x*++7x-, by measuring the 
energies of both 7-mesons in the center of mass system. In this note we discuss 
the possibility to determine the spin s, and the parity 7 (?) of the Y* from 
the angular correlation in the ensuing A-decay. 


() Work supported in part by the University of Wisconsin Research Committee 
with funds granted by the Winsconsin Alumni Research Foundation and in part by the 
U. S. Atomic Energy Commission under Contract No. AT(11-1)-30. 

() M. Atston, L. W. ALVAREZ, P. EBERHARD, M. L. Goop, W. Graziano, H. K. 
Ticto and S. G. WoscicKki: Phys. Rev. Lett., 5, 520 (1960). 

(3) In this note the parity of strange particles refers always to the A° hyperon. 
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We will confine our attention to the reaction 


K-+p-A°S+nt+7, 


though a part of discussion in this note may apply to processes such as 
n+p >A®+K-+n, ete. Experiments reported can be well understood in terms 
of the isobar model, that is, the successive production and decay of the 


isobar Y*: 


(1) K-+p>Y* nt >A°+r + 
(II) SN ra SONORE rai 


Experimentally, mechanisms (I) and (II) are shown by the appearance of the 
corresponding two bands in the Dalitz plot. Those two bands separate or 
overlap, depending upon the incident K-meson energies (*) (Fig. 1). For the 


Fig. 1. — Dalitz plot for K~-+p— A®+7+-+-n-. a) Separated case. b) Overlapped case. 


well separated case (Fig. 1a) the events in band A can be explained by me- 
chanism (1) and correspondingly band B by mechanism (II). For the over- 
lapping case (Fig. 1b) on the other hand, the mutual interference of the ampli- 
tudes due to both mechanisms (1) and (IT) might become important (4) because 
the width of the resonance is broad enough to give a wide overlapping region. 
In this case, therefore, we expect that both the angular correlation of decay 
products of the A° and the energy distribution of the x-meson are quite dif- 
ferent from that in the separated case. We shall show that as a characteristic 


(*) The overlapping band shown in Fig. 10) is actually observed in the Berkeley 
experiment. M. FERRO-Luzzi: private communication. 

(4) Regarding the energy distribution of x mesons in the reaction zt+p+>atntn, 
BERGIA et al. stressed the importance of this kind of interference: 8. BERGIA. F. Box- 
SIGNORI and A. STANGHELLINI: Nuovo Cimento, 16, 1073 (1960). 
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of this interference in the overlapping case there is an up-down asymmetry 
of the A-decay with respect to the plane containing A°, z+ and x in the 
center of mass system, even after averaging over the incident K-meson di- 
rection. 


2. — We first consider the well separated case (5). Events in this case can 
be understood as two-step reactions: 


(i) K4p >Y*+xn 


(ii) Y*— A0 +. 


Reaction (i) with an unpolarized incident target can be specified by the 
statistical tensor of Y*, R,,, which, of course, depends on the production 
angle of Y* (5). It is known (7?) that the 
Statistical tensor À,, has the following 
properties: 


(1) Re) R 
(2) Rox = 0 Or = odd 


when the co-ordinate axes are chosen 
such that the z-axis is normal to the 
production plane (specified by #) and 
the x-axis is along the direction of Y* 
(see Fig. 2). Eq. (1) is the statement of 
the hermiticity of the density matrix 
of Y*, while eq. (2) is the statement of 
parity conservation in the production 


Fig. 2.— Co-ordinate systems (+, y, 2) and 

(X, Y, Z). 2, Z and X are in same plane. 

process of Y*. Z is the direction of A° in the rest sy- 
Let us consider the decay of Y* in stem of Y*. 

its rest system. We assume that the 

spin of Y* is s while the spin of the A° is 3. If we specify the initial Y* state 

by the z component of the Y* spin, y, while the final A-x state is specified by 


6) While this work was being carried out the author had a chance to see a paper 
by R. Garro and H. P. Stapp, who consder the problem in this section for s=4 and $. 
The author wishes to thank Professor Goop for drawing his attention to that paper. 
This problem was also studied by R. H. Capps (preprint). 

(6) The highest rank of this statistical tensor R,,, depends on the spin of Y*: 

s. U. Fano and G. RacaH: Irreducible Tensors (New York, 1958). 
(7) M. Jaco and G. C. Wick: Ann. Phys., 7, 404 (1959). 


=2 
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the direction of A° (the polar angle of which is 0, g) and the helicity 2 of A° 
in the rest system of the Y* (see Fig. 2), then the decay matrix element (8) 
is proportional to 


A 


(3) M, exp liye] d,(0)e* 
where e is related to 7 (the parity of Y*) by 
(4) E = (ay n ; 


We define the new co-ordinate system (X, Y, Z) in which the Z axis is 
along the direction of A° in the rest system of Y*. The X axis is in the plane 
containing the direction A® and the normal to the production plane 7 (see 
Fig. 2). 

The density matrix of A° in the new co-ordinate system is given by 


On ~ > M,, Mi 7? C(ssq 3 y') Org ae 3 
vp'aK 


Substituting eq. (3) into the above equation and using the product formula 
of the d-functions (7) and the unitarity relation of the Clebsch-Gordon coeffi- 
cients, we obtain 


(5) On ~ Re > O(ssl; À — RARA (0) et . 


t,K=even 


Writing eq. (5) as 
(6) Ge ae p) +E(0, y)'olx, 
then (?) 


È, = > C(ssl; 4 —4)di,,(0) Re[R, ,e**], 
leven 
K=even 


Es = — € > C(ssl; 4 4) dr. (0) ReLR, 
1=odd 
K=even 


re"), 


È, ME € C(ssl; 1 1)dl 0 Im R eke 

K,0 LK , 
t=odd É 2 
K=even 


Che > C(sst; 4 —4)d! (0) Re[R, ,e**], 
1=odd 
K=even 


where Ref | means the real part of | | while Im means the imaginary part. 
The density matrix of A° in its rest System is the same as (5) and (6) because 


(5) M. JACOB: Nuovo Cimento, 9, 826 (1958). 
9 ‘yp ; ] ic hi > a a r . . 
(°) From eq. (1) Ry is real, while Ry, for K 40 and K odd is, in general, complex. 
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the rest system of the A° can be reached from the rest system of the Y* by 
a Lorentz transformation along the Z axis so that the 2-component of the 
A® spin is invariant. 

The decay of A° is characterized by a matrix Y, (19) when the polarization 
of the final proton is averaged out, and serves as an analyzer for A°-polarization : 


(8) Q=l1l+t+ac-p, 


where «x is the asymmetry parameter of A-decay and ÿ is the unit vector in 
the direction of the outgoing 7° in the rest system of the A®. Therefore the 
correlation function of the 77 produced by decay of the A°, isin the rest frame 
of the /°, 


(9) Tr (00) +5: D, 


where &, & are given by eq. (7). We define forward and backward by the 
direction of positive Z and of negative Z for a given 0, g and © (production 
angle of Y*), outward and inward by positive X and negative Y, and right and 
left by positive Y and negative Y (see Fig. 2). 


Ti “i ? 
N tot 2&5 
Es 
N right — N weit ak, 
(10) So oe? 
LV tot 260 
= 7 e 
N out un N in a (OSS 
T Tala) 
À tot 2&5 


where, e.g. N,,, is the number of events in which the decay pion is emitted 
forward in the A° rest frame. Note that N,,, is a function of 0, g and © (the 
production angle of Y*). Note also that £,=0 for s=4 so that there is no 
right-left asymmetry when the Y* spin is 3. 

In order to determine the spin and parity, however, it seems enough to 


consider the results after integration over pg. Then we obtain 


(6) d > C(ssl; 3 —})Ri,oPi(cos 0), 

l=even 
= e: | 
E,(0)=—e > (REATO, Di Dean 

(al 1=even VI +1) 

ONE, 
E.(0) = > C(ssl; 1 — À) R,oP(cos 0) 

1-odd 


(10) See for example L. MicHeL and H. RounaNnINEJAD: University of Wisconsin, 
preprint. 
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r à — n » 
where the bar means the average over the angle g and P'(r) = (d/dx) P(x). 
We define r by 


NGI FR Nin 
12 ren 
| e Vice EL back 


where, ¢.g.., N; 


for 


(0, 9)= [dg N,,(0, 9, 9). From (9) and (11) 


Y C(ssl;3 1) Rio (sin 9/V1(1+1)) P;(cos 0) 
‘ as rae Nie 7 1=odd ee, 3. ” de "He 
Ent Een È S O(ssl; 3 — 3) Rio Pi(cos 6) 


1=odd 


For s=4 and s=3, r is given by 


| 
rs=t=—eztg0, 

di | | 1 91 17 4400 cos 6— 3) 
ms = 3) = 78728 |1= (83/272) 48 cosO—3)|’ 


where À is a parameter (R,,/R;0) which depends on the production angle 0. 
Needless to say, the method in this section works only in the case that 
the Y* is polarized in its production process. 


3. — We consider next the overlapped case. As we mentioned before, it is 
important in this case to take into account the interference effects of mecha- 
nisms (I) and (II). 

Denote the energy (momentum) of A°, z!, x in the center of mass system 
by Ey (Pa), ©+ (pa) and ©_ (p_-) and the helicities of the proton (incident), 


Y* (intermediate and final) by 4, y and A. According to the isobar model (4) 
the matrix element is given by 


(15) ti al dinar sei a 
Ti D Par Pri AIT | Ys — Pes Pat y|T|k; OF (@s) , 


where /(©) has the form: 


I 


(16) ih 0) = A 
vo © — Wy + 11a) 


©, is the resonance energy which is related to the mass of the isobar (M*) 


n 
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and the total energy of the system (£) by 
D (E = E,\ + ©, + ©), 


while / is its width which might depend on ©. T,,, the matrix element due 

to the mechanism (II), can be obtained from (15) by interchanging — and +. 

In eq. (15), ‘p+;7|T|K; u> and (py, p.53 A|T|Y*;— p+; y> are the matrix 

elements of processes i) and ii) in the two-step reaction. In the spirit of 

the isobar model, we treat them as matrix elements between stable states. 
According to JACOB and WICK (’), 


CL P--: vIT|k; Lu, = DIAZ, (— Py, 04, 000) ’ 


My 
J 


where 0., g; are the polar angles of the direction of x $_+ in the center of 
mass system when the direction of the incident K-meson & is taken as the 
< axis, and a. is the angle of rotation 

around P_+ which carries the plane con- Ee 

taining È and p_+ into the plane con- Z (Pre) 
taining $,+ and p,- (see Fig. 8). 47” 
is the factor depending only on the total 
energy. From parity conservation in 


the reaction, we see that 
) (Hv SANE 
(18) A, As 


s 


(19) x= Mx, 


where 7 and 7, are the parities of the 
Y* and the K-meson, respectively. The 
decay matrix element of the Y* is given 
by (3) in which we set »=0O since 
a! is defined such that the Y axis of RANCORI I Adres 
the new co-ordinate system (4, Y,Z) tion of incident K meson in the em. 
which can be reached by this rotation system; p,+: direction of ++ in the c.m. 
fp, 0.,x;} from the old co-ordinate System; Pr-: direction of n- in the 
system is perpendicular to the produc- cm. system. 

tion plane (see Fig. 3). Since 4 in eq. (3) 

is the helicity of the A° in the center of mass system of A°-x~, while À in eq. (15) 
is the helicity of A° in the center of mass system of A°7n--r*, we must trans- 
form from the center of mass system of A°7- to the center of mass system 
of A°x=-n' by a Lorentz transformation along p_+ in order to obtain the 
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decay matrix element of Y* in eq. (15). This transformation affects the heli- 
city of A® and can be described by a single rotation around the Y axis (7). 


Poppi para D PAS PFA RP 


where La, denotes the Lorentz transformation operator which transforms the 
A°-n- center of mass system into the A°x*-77 center of mass system, p+ is 
the momentum of A° in the A°-7- center of mass system, and ©, and À, are 
the angles from — ?_+ to ÿ,, and from P. to Py, respectively (see Fig. 4). 
We obtain 


(Ke? (Fo). 


dh 


(21) To DA Dl Pry 0, — 14) da (24) di 
Jyh 


Note that ©, and A. depend only on 
m,, ©- and the total energy of the 
system H. If we change + to —, we 
obtain 7. 

The density matrix of A° in the 
center of mass system of the unpola- 
rized proton target is given by 


(22) C= > ( Ti D + Ta T+ T, se LI Tu Ti) . 


Lt 


Fig. 4. — The angles 0, 2, and K, on 
the plane containing A°, rt and x in In order to 


demonstrate the up and 
the c.m. system. down asymmetry of A-decay with re- 
spect to the plane containing A°7t-77 
in the center of mass system, we consider the ease in which we averaged 
over the direction of the incident K-meson. 


We integrate 0 over 0, and «,. Using 
tI , = * 
ACT IST DI PD (— Px, 04, — 4) BD (0, 6, 0) , 


11) Thic rotati ‘ p 5 N if ead ie î 4 È ] 
Ca) This rotation angle, A, in this case, is the sum of the angle of the rotation 
of A® direction and spin direction due to the Lorentz transformation. The latter is a 
purely relativistic effect so that we might be able to neglect it in a good approximation. 
For this spin rotation, see H. P. Srapp: Phys. Rev., 103, 625 (1956) 
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where 4 is the angle between z+ and 77, we obtain 


(23) OS dun > C(ssl; 1 4) C(s ssl: y a )? IR 


1=even 
[P,(Q4) EL | Ploy) + P(2-) ¥ 47 | Flo) |] + 
J ah 
+= DI esa: sa ay ) Rel. LA y F(o+ ) F*(w_)| = 
Jyy' 
i D (Tan — 2070) In [A F(a.) F* (w_) |} ’ 
where 
I 
‘ ++ L)/® 
24) sti = a ase ( 
H Vo | 
and 


(25) i Det di aL) 24) (0) dn) (E) . 


yy’ 
VIZI, 


By the definition of 7, eq. (25), and the properties of the d-functions, we obtain 


ok 12 
(26) Core =a (=) Taa';yy' 
Therefore 

DE TEA 

(27) One MEO 


Since there is no a priori reason that the off diagonal elements of o must vanish 
eq. (27) shows that there is, in general, an asymmetry along the Y direction 
(normal to the plane containing At-r+-x-). In order to see this asymmetry 
much more explicitly, let us assume that the S state is dominant in the final 
state of the reaction (i); that is K+p > Y*+7. Then, J=s and hi does 
not depend on y and y’ so that we obtain 


(28) 03x(S dominant) ~ dag:(()7* Vs +4 wit | F'(@.,) |? + | F(w_) |?] + 
+ (tig + tia) Re[sZt-F(0_)F*(@_)] + (Tia — Tia) Im[HT-F(0.)F*(@_)], 


where 

(29) i IRONIA, 
jar 

Now writing 

(30) o—t+t:a, 


2 L of-—| F(w_)|?] + 
Ss ee ARLENE eo cal (00. 


Ca =? hi Vs a HE Al j | E(w) 


(31) 


Gs = De 0 ’ 


or en. (COP al (CO | 
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Using eq. (29), we obtain 


Ti = / mE I [ (Pi4a(cos 3) => P(cos 3)) COS? 3 ita 
(92) | + e(Pi41(¢08 3) + P;(cos 3)) sin? 3], 
Eee n [(1 + e) P;(cos 3) — (1— e) Pix1(0083)] , 


where 3 is the angle between . and p_, that is, the angle between the di- 

rection of the A° in the A®-x* center of 

0.41 Polarization of N° mass system and the direction of the 

A° in the A®-x~ center of mass system, 
and l=s—#. 

From eqs. (30), (31), we can see that 


the polarization of A® is proportional 
to t._, whose explicit form is given in 
eq. (22). From eq. (32) we can also 
see that for a given l (i.e. for a given 
s), whether 7._ is an even or odd function 
of cos 3 depends on e which is related 
to the parity of Y* by eq. (4). This 
allows a determination of the parity of 


the Y* in case the Y*x is dominantly 
produced in the S state (1). 


We The results are illustrated in Fig. 5, 
r which shows the polarization of the 
Fig. 5. — Polarization of the A° as a fune- A° as a function of energy of the +, 
tion of w,, when w_==w)=1.82 x, 1/2— When the x energy is fixed at the re- 
~20 MeV and .9/4+=.9+-=.s/-- are sonance energy. We assume in this 
chosen, plot that /++—./+-=.9/-— and E=11.8 y 
(corresponding K° laboratorium mo- 
mentum = 680 MeV/c) @=@=1.82u, 1.52u<@+< 1.98u and [2-20 MeV 
where y is the 7-meson mass. 


Ti n 7 lr , 7 Pi 
The author would like to express his thanks to Professor R. G. SACHS for 
stimulating him into the study of this problem. He his greateful to Professor 


e, Core un rs idea : 
(!) For higher Y* spin, it is unlikely that Y* will be produced in the S state because 
the energy required in this reaction is rather small. In this case we have to go back 


to Sd: (23) from which it is hard to see whether we can obtain the meaningful infor- 
mation about Y*, 


Se a ————————— 
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M. L. Goop for suggestions and comments on this work. He also wishes to 
thank Dr. L. E. Evans for his comments and reading of the manuscript. 


ROUPASISTUENNTIZO.NO) 


Si studiano, in funzione del modello isobarico (Y*) della risonanza A-x, le correla- 
zioni angolari nel processo K --p—A®+nt+7>. Si prendono in considerazione due 
zone dell’energia del mesone K incidente: una zona dà bande separate nel diagramma 
di Dalitz: l’altra dà bande sovrapposte. Se, nel caso con separazione delle bande, | Y* 
prodotto è polarizzato, si mostra che le asimmetrie antero-posteriore ed interna-esterna 
del decadimento del A° danno informazioni utili per determinare lo spin e la parità 
dell Y*. Nel caso con sovrapposizione, si mostra che si ha una asimmetria alto-basso 
del decadimento A rispetto al piano contenente il A9, ed i 7° e 77 nel sistema del centro 
di massa, e questa asimmetria dà informazioni utili per determinare la parità dell’ Y*. 


(*) Traduzione a cura della Redazione. 
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A Theory of Hyperfragments. 
II. — Mesic Decay of Hyperfragments (‘). 


S. IwaA0 (*) 


Department of Physics and Astronomy, University of Rochester - Rochester, Ne Ye 


(ricevuto il 15 Marzo 1961) 


Summary. -- Mesic decay of hyperfragments is discussed systematically 
on the basis of our previous model for hyperfragments. The general 
formalism for the two-body and three-body mesic decay is developed. 
The polarization-direction correlation and the angular correlation for 
the two-body and the three-body decays are discussed together with the 
decay probability. The formalism is developed so as to include the isotopic 
spin selection rule (AJ=4 and 3) for the mesic decays. The theory devel- 
oped here is applied especially for the low mass number hyperfragments 
where we found that the branching ratios of the two-body and the three- 
body mesic decays of 3Hx and 4H,, (@H,+*He+7-7-)/8H, +=D+p4+7) 
and (4H, ~*He+77-)/(*@H, +%H+p-+7-), can be used for the determi- 
nation of the spins of both hyperfragments. The fraction of the p-wave 
decay rate for the free A decay obtained from the *He, -*He+p+7- 
where the decay proceeds through two resonant states (pg and p3) is 
given by p?/(s?+-p?)~.4 which gives spin zero of 4H, in connection 
with the Dalitz and Liu plot and hence odd parity for the kaon. The 
decay rate of the charged and the neutral mode is always 2/1 if, and only 
if, the condition obtained by Okubo, Marshak and Sudarshan is satisfied. 
Finally we show that the final state interaction for the two-body mesic 
decay can be described by the pion and residual nucleus scattering phase 
shifts by making use of the invariance of the total S-matrix of the 
decay processes under the Wigner (weak) time reversal. 


(*) Supported in part by the U.S. Atomic Energy Commission. 
("*) Now at the Department of Physics, Syracuse University, Syracuse, New York. 
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1. — Introduction. 


We had, in earlier papers (**) investigated the properties of hyperfragments 
in relation to the binding energies of the A-hyperon and it was pointed out 
that the experimental binding energies of the A-hyperon for p-shell hyper- 
nuclei can be explained by both antiparallel and parallel spins. The main 
results of our previous papers are the evidence for the preference for the anti- 
parallel spin couplings for s-shell hypernuclei and hence the odd kaon parity (12). 
The internal consistency of our model and method were discussed in succeeding 
reports (%1). The method applied for the ordinary nuclei shows that the quali- 
tative features (e.g. the ground state spins and the total binding energies) are 
in agreement with the experiments but a precise fit, (e.g. for the detailed level 
structure) cannot be obtained. It can be improved by making use of the 
intermediate coupling wave function for nucleons obtained from the current 
shell model calculations and couple the A wave function to it. This is rather 
satisfactory because the A-hyperon is loosely bound (with a strength of about 
1/2.5 of that of .N-.N forces) to the individual nucleons (compare the para- 
meters given in papers cited above). But this is a rather complicated proce- 
dure and misses the essential point of the problem. The precise calculation 
should be undertaken after arriving at the essential results. Therefore in this 
paper we will continue to confine ourselves to the extreme j-j scheme and study 
the main features of the mesic decays of hyperfragments. Among several 
investigations of this problem DALITZ and Liv (©) have calculated the ratio 
of two-body mesic decays to all decay modes making use of their variational 
wave functions for A= 3 and 4 hyperfragments although they assumed the 
isotopic spin selection rule AJ =} for A-decay. The mesic decay of p-shell 
hyperfragments has been investigated by LAWSON and ROTENBERG (°) but it 
is confined to two-body decays alone. The purpose of this paper is to derive 
a theory for the mesic decay of hyperfragments and to determine the pro- 
perties of hyperfragments as well as the nature of the decay interactions. 

It is rather hard to determine the absolute lifetime of the bound A-particle 
experimentally because it is hard to discriminate between hyperfragment decays 
in flight and decays at rest (for low energy production) and hence the ambiguity 


(1) S. Iwao and E. C. G. SUDARSHAN: Phys. Rev. Lett., 4, 140 (1960). 

(2) S. Iwao: Nuovo Cimento, 17, 491 (1960). 

(3) E. C. G. SuparsHan and 8. Iwao: Proc. Ind. Acad. Sci., 52, 27 (1960). 

(4) S. Iwao, F. B. Wane and S. Morin: U.S. Atomic Energy Commission Document 


NYO-9536 (1961). 
(5) R. H. Daritz and L. Liu: Phys. Rev., 116, 1312 (1959). 
(8) R. D. Lawson and M. ROTENBERG: Nuovo Cimento, 17, 449 (1960). 
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arises from the measurement of the track length (*). The decays occur through 
m-mesic and non-mesic channels with several decay modes. The former is 
identified more easily than the latter because the maximum charge state and 
the suitable energy release make easier the identification. We want to inves- 
tigate the spin states of parent hyperfragments, s-wave and p-wave admixture 
ratio of the free A-decay, the isotopic spin selection rule, AJ = 3 and è in- 
cluding the phase difference of both amplitudes (we do not confine ourselves 
to the Af=4 rule) and so on. 

The experimental information for the decay processes is rather poor at 
present except for a few hyperfragments; we summarize the possible topics 
for the theoretical investigations in the following: 


1) Two-body mesic decay: decay branching ratio to the various residual 
states of the nucleus, branching ratio of 7 -mesic and 7°mesie decay, polar- 
.ization-direction correlation of the produced hyperfragment and the decay pion. 


2) Three-body mesic decay: angular correlation of the successive emis- 
sion of the pion and the nucleon if the decay occurs through the inter- 
mediate state with a definite angular momentum, parity and isotopic spin 
(decay through a compound state of the nucleus). 


3) Branching ratio of the two-body and the three-body mesic decays. 


In order to correlate the experimental information with our method of 
analysis we will develop a formalism in Section 2. In Section 3 we will derive 
a numerical table suitable for the treatment of the two-body mesic decay 
branching probabilities for various residual states for configurations with both 
parallel and antiparallel spins of the parent hyperfragments. General com- 
ments for each mesic decay are given. It is pointed out that in some cases 
the observation of the decay modes will uniquely determine the spin of the 
hyperfragment. In Section 4 we will discuss the isotopic spin selection rule 
from the two-body mesic decay. The poor experimental statistics of the neutral 
decay mode gives us no definite information. In Section 5 we study three- 
body mesic decays but restrict ourselves to the A=3, 4 and 5 hyperfrag- 
ments and give a convenient table for the applications. In Section 6 we com- 
pare the calculated two-body and the three-body mesic decay branching ratios 
of A=3 and 4 with experiment. The proton decay mode of the 4—=5 
hyperfragment through two intermediate states p, and p, is compared with 


È a ARA 1 PO ga pa . 4 x 
experiment. Conclusions about the Spin of s-shell hyperfragments and the 
fraction of the p-wave probability of the free A-decav are derived from the 


(*) It was pointed out by Professors Harth and Leitner that the measurement of 
the absolute lifetime by a bubble chamber (private communication) has an ambieuity 
of abont a factor of three. | | 
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comparison given in this section. In all these discussions we always consider 
the branching ratio; hence only the kinematical parameters are significant 
quantities in our treatment. In the last section we derive a relation which 
takes into account the final state interaction of the pion in the two-body mesic 
decay making use of the weak time reversal invariance for the S-matrix 
(Section 7). In Appendix I we will summarize the calculation of the phase 
volume of the three-body mesic decay including the matrix elements. In 
Appendix II we point out that the parameters derived from s-shell hyper- 
fragment and p-shell hyperfragment binding energies favor the antiparallel 
coupling of spins for p-shell hyperfragments provided that there is no ano- 
malously strong spin-orbit coupling of .N-A forces. <A brief communication 
on the principal results of this part of our investigation has already been 
published (7). 


2. — Formalism. 


Spin 3 of the A-hyperon, parity non-conservation in A-decay (8) and the 
possible isotopic spin changes A/=} and è for the decays into strongly inter- 
acting particles (*) (we will consider both possibilities without referring to the 
usual AZ = rule (!°)) lead to the following form of operator for the decay of 
the A-particle: 


} : Ti 3 4 
(1) H = (a, DO pag DE {a D? + a, D}0-V/PA = 


= Va, 
di & 


AT, AJ 


te 
% 


(AZ) (VI), . | (Ay) 
LAST aes (-— eV/Pa) ; 


where a,,,,, D°?, 6, V and p, are the relative amplitudes of AZ, AJ-contri- 
bution, the operator in isotopic spin space, Pauli spin matrix, gradient ope- 
rator for the pion wave function and the magnitude of the relative momentum 
of the pion in free A-decay at rest, respectively. From the conservation of 
angular momentum AJ=0 and 1. (We put p, in the expression for the p-wave 
contribution so as to give give the same dimensionality for both channels.) 

The outgoing pion wave relative to the residual nucleus depends on the 
orbital state of the nucleon in the residual nucleus. For this reason it will be 


(7) S. Iwao and E. G. G. SUDARSHAN: Mesic Decay of Hyperfragments, Proceedings 
of the Tenth Annual High Energy Conference at Rochester (New York, 1960), p. 607. 

(8) T. D. Lee and C. N. Yane: Phys. Rev., 109, 1755 (1958). 

(9) S. Oxuso, R. E. MARSHAK and E. C. G. SUDARSHAN: Phys. Rev., 113, 944 (1959). 

(10) M. KawaGucHI and K. NIsHIJsIiMA: Prog. Theor. Phys., 15, 180 (1956); C. Iso 
and M. KawaGucHGi: Prog. Theor. Phys., 16, 177 (1956); M. S. Swamr and B. M: 
UDGAONKAR: Nuovo Cimento, 14, 836 (1959). 
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convenient to introduce new names «direct term » and « derivative term » cor- 
responding terms of s-wave and p-wave pion in the free A-decay. 

In order to evaluate the expectation value of eq. (1) we will rewrite it in 
the tensor operator form. It is given by 


(2) H = {a V/3[t 2X DP a, VELOX DOTE) [EE j,(kr) C2(r) DI, m0; k) + 


l,m 


ay (as, VEDA DPI + a, VE [eX D4 dot k/pa) > [0] YA} Qui; LA (kr) C® Xo (DE 


1 A,m+a 


-D(A,m+q0; k), 


where ¢, j,(kr) and C% are the isotopic spin wave function of the pion field, 
the spherical Bessel function of order / and a Clebsch-Gordan coefficient res- 


pectively. 


tr) (4x/[t} JE tr) 


nt 


and 


D(l, m0; k) = (4zc/[U}*) YO*(k) . 


The former relation is convenient for calculating the matrix element in co- 
ordinate space and the iatter relation is convenient for the angular correlation 
problem and the related probability (4). We can obtain the corresponding 
expression for the neutral pion and neutron decay by replacing 4? and V# 
in front of the isotopic spin operator by 3 and — VX respectively and the 
magnetic quantum number 3 for the isotopic spin operator by —4. 

Wave functions for the initial and final states Y; and ‘7, are given in terms 
of French diagrams by 


5 a ak 
(3) P > Ao 2 
Ta 
and 
4 = tre 


| 
(11) L. C. BIEDENHARN and M. E. Rose: Rev. Mod. Phys., 25, 729 (1953). | 
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for the rearrangement of the decay nucleon in the 7,-shell which is not occupied 
by nucleons of the original hyperfragment; and by 


for the case where there is rearrangement of the decay nucleon in the 7,-shell 
(which is a different shell from the shell occupied by the nucleons in the hyper- 
fragment). The curly brackets on the French diagram show that nucleons in 
it are totally antisymmetrized. The decay operator is not isoscalar so we have 
to introduce the wave function in the isotopic spin space (compare the nota- 
tion in paper I). Equations (4) and (5) are rewritten in convenient forms by 
making use of the coefficient of fractional parentage (c.f.p.) 


t +1) ) +1 
(6) = DIE Ii se je) 
Pade 
T; J, 


and 


T; J; 


EIA) 
Ty Ta 
Ji Ja 


: t(n+1) j(n+1) 
* Too | Tish Th : 
T; 5 


where the c.f.p. is given in charge-space-spin states. The coefficient U is re- 
lated to the Racah coefficient by 


(8) U(abcd; ef) = [ef]W(abed; ef), 
where [ef]=(2e+1)(2f+1). It is clear that the second term of (7) does not 
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contribute to the matrix element for two-body mesic decay because the »-th 
nucleon has a different configuration from that of the hyperfragment. As 
mentioned before the s-shell hyperfragment takes the same expression in both 
L-S and j-j schemes. 

We obtain the complete matrix element in the form 


; ; SII = hy, È | 
(9) GIE|©=Vn+10n AZ D TR, |i) | Ra 


I 


CLÉS, LI TTI] 8 WI; 17.) ) Z Cum, DU M0: k)+ 


+ Vel & Witt IA) WALES ti) Oo X Carymians PO m+ 40: R)] ; 


m+q 


where R, and R, are the radial wave function of the bound proton and the 


A-hyperon, respectively, 
(10) s= Vea, ch \ as, 9 


(HE) p = (k/Da)(V ia, aie \ ia,,) 5 


Here a contains the reduced matrix element for the isotopic spin operator. 
The corresponding quantities for the neutral pion and the neutron decay will 
be defined by s’ and p’ respectively. The factor vn-41 in the front of the 
right-hand side of (9) comes from the indistinguishability of the nucleons in 
the final state in the j,-shell. The matrix element for the neutral mesic decay 
is obtained replacing s, p by s’, p' and the magnetic quantum number for the 
Clebsch-Gordan coefficient 3 by — as we discussed for the derivation of the 
operator under eq. (2). The decay into final state (7) is obtained replacing 
(n+1) by 1 for both mesic decays. Other kinematical factors should also be 
changed into the corresponding quantities, for instance, j, into j,, ete 


21. Two-body mesic decay. 


a) Polarization-direction correlation. Before calculatine the 
decay probability we wish to talk about the polarization-direction cornea 
which is possible only if the hyperfragment produced has a RT S È 3 
a definite polarization. The kaon absorption in flight by the idee a bie: 
consequent production of hyperfragment and io can rogna ae ; sti n 
The polarized hyperfragment decay gives an asymmetry for cn ve 

leans à À he momentum 
distribution of the decay pion. This will become one of the independent tests 


for the determination of t i ; 
10 a of the spi ‘He, from i > e 
pin of ‘He, from its decay in K-+‘He + 
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—4He,+x- experiment (12) and hence the relative parity of the kaon. Al- 
though the above experiment was done for the kaon absorption at rest up to 
the present. Most of the hyperfragments are observed in nuclear plates and 
hence an associated emission of many nucleons makes ambiguous the polar- 
ization of the hyperfragment. The state of the polarization is specified by the 
magnetic quantum number m, of the angular momentum J of the hyper- 
fragment. Thus in the completely polarized state only a definite value of m, 
is allowed. The absolue square of (9) with no summation with respect to m, 
gives the probability of the correlation. The example discussed above will 
be shown explicitly at the end of Section 8. 


b) Decay probability. In computing the total mesic decay proba- 
bility we will first «rotate » the matrix element (9) in the momentum space so 
that the argument of the third component of the D-function changes from 
zero to M and then we will take the average over the initial spin for the 
absolute square of the matrix element and sum over the magnetic quantum 
number of the hyperfragment. (No summation should be taken for m, in 
the correlation problem discussed in a) above.) Making use of the nature of 
the D-function and the Clebsch-Gordan coefficient the correlation function, 
Em, mi), defined by 


(12) E(m,, m,) = T]Y|GF|H|ò}? 


MI 


reduces to a simpler form. The decay probability is obtained by integrating 
over the momentum k& multiplying the d-function of the conservation of energy 
to the correlation function defined above, (12), summed over the magnetic 
quantum number of the residual nuclear states in the non-relativistic limit: 


(13) Wi = dk Ò(E,— E,) > Emy, my) 7 


M y MIp 


The result of the calculation is given by 


(14) 4; = (n 1)[J;](C7 47), 1h, (kr) | Ry)?2ruk- 


mp MT, 


HG 


à | P< De | TJ 43 I> We hJJ;; LJ.) 


Bole 


Ss 


|, 


a 


p |? > [A](0%13)2|[jl EDI; | LIA) Wd Tit; SA) W (LAS 4; tia) 


(2) The Helium Bubble Chamber Collaboration Group: Proceedings of the Tenth 
Annual High Energy Conjerence at Rochester (New York, 1960), p. 419, presented by 
G. PUPPI. 
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where « and k are the pion mass and relative momentum of the pion and the 
residual nucleus. We made an approximation that the pion mass is small 
compared to that of the residual nucleus. In the exact non-relativistic ap- 
proach we have to use the reduced mass M“/(M-+) instead of y (where M 


is the mass of the residual nucleus). 


2°2. Three-body mesic decay through «compound nucleus ». 


ya 


i) Angular correlation. In most of the three-body mesic decays the 
pion will be emitted without appreciable final state interaction because of the 
small phase shifts of the low energy pion-nucleon interaction. On the other 
hand the nucleon will have a strong final state interaction with the residual 
nucleus because of the existence of the various compound states of the nucleus. 
This confines the spin and the parity of the outgoing nucleon and the residual 
nucleus. It will provide means for the investigation of the unknown nature 
of hyperfragments and the structure of the decay interaction of the A-hyperon. 
Therefore we will first formulate the case in which the outgoing nucleon decays 
through the compound state. The lifetime of the resonance state is of the 
order of the nuclear lifetime so we will expect the disturbance in the inter- 
mediate state of the problem to be very little (#). The (differential) probability 
for this channel will be given by the product of two correlation functions by 
taking the complex conjugate for one of them and summing over the magnetic 
quantum numbers in the intermediate state, one of the correlation functions 
being for the pion emission and the other for the nucleon emission. The first 
one is given by (12) replacing the isotopic spin 7,, and the spin J, by their inter- 
mediate values 7, and J,. Of course all other quantities appearing in the final 
state should be taken the same as the intermediate ones. In order to obtain 
the second one we expand the nucleon wave function in plane waves: 


(15) P(r) = «(p)exp[ip:r]= u(p IS (47[L))? 0°): (DI) Loy) DL M0. e 


L, M 


| vik 
= & (ALL), (00 Dosi; Ls 2 D(L, M0; p), 
Mine 


where «(p) is the Pauli spinor. The correlation function, EPS m, JS 
I 14 


TE ne ares enn cy Ta ne ; 
(yo For the electromagnetic disturbance, see the discussion given by BIEDENHARN 
and Rose, reference (11). ‘ 
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given by 


(16) Em, ,m__) = (—)P- 9-9 (O21 )?4ar| D]- 
JI JI 


mip, is 
ZII n \N2 aa Che deg giogo are Oh > YZ Six NL' % 51. 
R,|j,(pr)) D ( My Ms C Mz, Ms On i Mms 
Jy j 
Mjt+M+m 5 M+ms 


CLEO WI, FLL; vJ,) Div, mm, N’—N; &), 


—N N° MI y M Tr 


where we have chosen à general co-ordinate system in momentum space. 
Making use of the orthogonality of the Clebsch-Gordan coefficients and the 
relation for the product of D-functions we have the double correlation func- 
tion, W, in the following form 


(17) W= > £m, , m, )E®*(m,., m, ) = 


ne Ty? m Jr 


= (m DOTE) (0,77 7)9/2<P, |, (Er) | Rad CR (fe: (Er) | RAD * 


mr MIT à 


TC PC) ee a (j i UE 


1 YJ ve Oh $4, NL ki. 
-4n[LL'} > Om De DU OS OE eg Oa 


MIMTMs my M+ms dt mms 
M+m; 
M 7+ ae Nes 


ele J, Te DAS TT JT 7, EDS PW Bid, ; LT): 


WATT GI) 04, 8,” WSF Lh ; vd) — 


— V6] s*p WaT, ; LI) WATj:3,; FA) W(UA'445 49) 


0 ROM 2er) 


17, +n 
— Ve |p*sW(adiJ,; LOWUAEE Yi) WRIT, ; Ud): 


OUI yn Ot LAO” W(J,T,A,; vJ) sin 


00 NT,+n 


+ 602,0 PE WG; Fa) WIHT, JA) W(LAEES 1j): 


VAGO O COAT A Si pea LAMPO PIANE 


1 00 


io WU SLL; oJ) DY, nn; KR), 


NT, + 


where the D-function is the function of the relative angle between pion and nu- 
cleon momenta in the general co-ordinate system. The knowledge of the direction- 
direction correlation of momentum distribution of pion and nucleon is ob- 
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tained by putting 7,=7,=0. As seen from (17) the correlation is completely 
determined by the angular momentum if the decay occurs through the pure 
intermediate state. The multiplication factor arising from the radial depen- 


dence is unimportant for the correlation. 


ii) Decay probability. The three-body mesic decay probability, w,;, 
is obtained by integrating the correlation function (17) (keeping Tt, = Tt, — 0) over 
the momentums of the pion k and the nucleon p multiplying the 6-function for 
the conservation of the total energy, 


(18) ry, [Ak[ap dE-E)W, 


< . 


where a multiplicative constant such as a weight factor with respect to spin 
is neglected. Fixing the direction of the proton momentum as a reference system 
the argument of the Legendre polynomial P (arising from the D-function 
in (17)) is exactly the angle between k and p in the new system. Then the 
integration for the angle of p will give 4a and the total integration reduces 
to the integral for the relative angle and the magnitude of k and p. Rewriting 
the Ô-function in a suitable form we obtain w,; in the form 


(19) Wy, = 2 


(2x)? M ID dp | k dk d(cos p)- 
-d(cos B + (M + m)p/2mk + (M+ u)/k2up — ME/pk)W, 


where u, m and M are masses of the pion, nucleon and residual nucleus re- 
spectively. This integration can be done analytically if we specify the rank » 
of the Legendre polynomial (see Appendix 1). 


23. Three-body mesic decay without compound nucleus formation. — The 
p-shell nuclei have so many levels that the outgoing nucleon will have final 
state interaction corresponding to each level of the compound state. Even if 
there is no appreciable level structure the ground state can contribute to the 
final state interaction. In some of the decay processes the outgoing nucleon 
has a proper energy and no appreciable final state interaction appears, for 
instance, for s-shell hyperfragment decay. In order to treat this type of problem 
we will develop here formulae for the three-body mesic decay without final 
state interactions. The decay Hamiltonian is given by (2) and the outgoing 
nucleon is described by (15). The wave function for the final state with the 
angular momentum J is given by the decoupling of the nucleon wave func- 
tion with the angular momentum J,. Thus the Clebsch-Gordan coefficients 
give the possible weights of admixtures. The matrix element for the process 
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is given by 


(0) AID = SLL VI Livin 


mr Ming 
CONO aes DSIRE ALAS ee 


‘[— sW(4jJd,; lJ,) > C2 D, m0; k) DI, M0; p) — 


mym 
m 


— Velo > W(4JjJ;; JA) WALZ; Yj) OL A]- 


A,m+q 


OF mg i D(A, m+ q, 0; k) Dil, M0; p)], 
where the first sum on the right is over the possible value of the isotopic spin 
for the residual nucleus and the outgoing nucleon. The summation over the 
angular momentum state is not given explicitly. In order to calculate the 
decay probability we have to take the absolute square of eq. (20) sum over 
the final magnetic quantum numbers and average over the initial spin. We 
do not give an explicit form of it here but numerical values for the s-shell 
hyperfragment are tabulated in a later section (See Table IV). 


3. — Two-body mesic decay; applications. 


In this section we want to apply to the two-body mesic decay processes 
the theory developed in the preceding section. 


8 1. Decay probability. — As seen in Section 2 all the mesic decays are de- 
scribed by the absolute square of the radial matrix element with numerical 
coefficients arising from the number of nucleons, the spin of the residual nucleus, 
the weight factor from the charge space, 2zuk and the amplitude multiplied 
by the kinematical factors (see eq. (14)). The amplitudes s and p contain the 
reduced matrix elements in charge space. These are for the charged mesic 
decay amplitudes. For the neutral mesic decay we have to change numerical 
factors of the amplitudes as we discussed in Section 2. We will first tabulate 
the kinematical coefficients and discuss for individual hyperfragments. 

Assuming the same s-wave and p-wave rate in the decay interaction we 
can discuss about the decay branching ratio using Table J. We will give an 
example how to use the Table and analyse the more interesting examples. 
Let us take the Be, negative mesic decay which leads to "B-+-7-. The hole-hole 
configuration of the p,-shell and all four states belonging to this configuration 
are stable; hence the branching ratios to spin 0, 1, 2 and 3 are interesting. 
They are obtained to be 2:4:20:21 and 90:140:360:189 for the antiparallel 
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5. 


IWAO 


| Coefficients of 


"ai 
| 
| 
| 
| 


| 


Decay scheme J À Radial Direct | Derivative | 
f | 
term term term 
3H, >n+ ‘He 1/2 1/2 6 1/4 1/12 
| 3/2 1/2 6 0 1/3 
SH, — 7° + °H 1/2 1/2 6 1/4 1/12 
| 3/2 1/2 6 0 1/3 
LEA CIE 0 0 2 1 0 
| a 0 2 0 1 
| a = Va ; re n 5 
fee, He | 0 || 0 2 I 0 
(a en) 2 0 1 
‘He, 7 + “Li Le 1 DER DSL 
III 3 5/18 1/6 
1 2 5 1/6 1/2 
1 3 7 0 1 
2 0 ] 0 | il 
2 1 3 1/30 9/10 
2 2 5 1/10 7/10 
2 3 7 1/5 2/5 
"He, >n-+ ‘Li 1/2 3/2 4 5524 | 25/24 | 
_ = de a — = = | ssi 
Li, > + "Be 1/2 1/2 6 259 0 
1/2 3/2 12 1/24 3/40 
3/2 1/2 6 1/72 3/16 
3/2 | 3/2 12 1/18 | 3/20 
shi 0) 0 + 8 il | xin | ix n 7 È an | cali A ; 
Wy = ae EN i | 2 20 1/30 | 1/10 
2 | 2 20 1/50 7/50 
Li, > + "Be 3/2 3/2 40/3 1/5 15 
5/2 3/2 40/3 1/30 1/10 
PSE = sa | a nae as pe = ora ult ee aa 
®*Be — x + ‘Be 1/2 3/2 20 5/24 25/24 
Be, > x-+B I 0 my à i RI i - n > 
Wu 1 9 5/18 1/6 
1 2 30 1/6 1/2 
1 Le 3 21 0 1 
2 | 0 6 0 Il 
où 
g | ; 9 1/30 9/10 
È : 30 1/10 7/10 
| 2 3 | 21 | 1/5 2/5 
Sn == = 4 snc ee = 
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Decah scheme 


Coelficients of 
| Nes 


7 
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Radial | Direct | Derivative | 
| term term term 
| 
| 

WBe, > 7° +MBe LIRICO 6 1/3 0 
1 Dike? 30 1/6 1/2 
2 IO 6 0 1 
2 NUDE 30 1/10 7/10 
10B, > 7 +19C 1 | 0 6 1/3 mt 
2 0 6 0 | i 
Be, +n +B 1/2 | 3/2 UN | 5/2 
| | | 
IM HN aay! 5/14 
| = i , Pipe 
LB, > +0 5/2 | 3/2 28 Le ed 
5/2 1/2 — 0 0 
7/2 3/2 — 0 0 
7/2 3/2 - 0 0 
UB, —r+uB 5/2 3/2 28 1/5 1/14 
5/2 1/2 = 0 0 
7/2 3/2 0 0 
7/2 1/2 = | oO 0 
| da  . 
UO, > 0 4UC 1/2 3/2 56 2 5/2 
1/2 1/2 4/3 1/14 5/14 
BB, > +0 [eet 0 4 ae 0 
1 2 STE: 0 
2 0 4 0 1 
2 2 5/2 1/10 1/5 
2B, >0+*B | 1 1 3/2 | 1/18 1/3 
| 1 5 5/2 1/6 0 
| 2 1 3 2 o 0 
2 2 fe AKG) 0 
uC, 7 +BN | 1/2 1/2 2 1/2 1/2 
et 1/2 (p) 2 1/2 1/2 
| 1/2 1/2 (s) 2 1/2 3/2 
UC) > -Ll4Nn 0 i 1/3 0 
0 0 == 0 0 
1 I 6 | 2/9 1/2 
I 0 4 CASE) 0 
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Tape I (continued). 


Coefficients of 


| 


Decay scheme | J | Jy | <adial Direct Derivative 
| term term term 
ay dl n | =a 
| 
UN, >7°+14N - 0 1 6 1/3 0 
0 0 4 0 0 
Le | I 6 2/9 1/2 
1 | 9 4 1/3 0 
eee a =“ mi nor Rae Ob Sea = 
BN, > +0 1/2 | 1/2(p) 6 1/18 1/2 
1/2 | 5/2 (d) 6 7/30 3/4 
1/2 1/2 (s) 2 1/2 1/6 
1/2 3/2 (d) 4 1/10 1/2 
Nees 1/2 (p) 6 2/5 0 
| 3/2 5/2 (d) 6 2/15 1/3 
| 3/2 1/2 (s) 2 0 2/3 
3/2 3/2 (d) 4 1/5 1/5 
16N , 7 +160 eo 2 I 
Pl 0) 2 1/3 0 
LEN — 7° 416N 0 0 (8) I l 0 
0 I (s) 3 0 1/3 
se 2 (d) 5 3/5 0) 
0 3 (d) 7 0 6/7 
| 0 (s) Il 0 1 
I 1 (s) 3 1/3 2/3 
2 2 (d) 5 2/15 2/3 
pee! 3(d) | 7 1/3 8/21 
Les Jaa ee = | ea st - a Loto = iBS 
AMO, = 7° +160 IO) TO, 2 0 I 
0 yan | 0 1/3 0 
detta ee. I = = MEI E Pa 
WO, + 7+VF 1/2 | 5/2 (d) 6 1/2 7/2 
1/2 | = 1/2 (s) 2 1/2 3/2 
a —| ee | NI + a n lr Sa 
IO) 0170 M2" 5/2 6 1/2 7/2 
1/2 1/2 (s) 2 | 1/2 3/2 
2 | = ae 


Notations s, p and d in the bracket after J, show the 
which are different from the original configuration of the 


configuration of the deeay nueleons 
nucleons. 
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spin and parallel spin of Be, respectively. These ratios are not sufficiently 
sensitive so it is better to find out more crucial examples. One sees from 
Table I that the “4B, decay into the negative and the neutral two-body decay 
modes are allowed only for spin 3. Thus the observation of the two-body 
decay mode uniquely determines the antiparallel-favoured spin for p,-shell 
hypertragments. Another less definite example is the two-body decay mode 
of “By, where the decay into the J,= 0 state is forbidden for the anti-parallel 
favoured spin configuration. This will be used for the determination of the 
relative preference for parallel and antiparallel-spin configuration for p,-Shell 
hyperfragments. 


32. Polarization and direction correlation. — The case of the cascade decay 
(21) K+ He + ‘He, + x 
N 
(22) 4He + 70 


may be examined. The correlation will be obtained only for J=1 for *He,. 
Assuming a complete polarized state for ‘He, J=1, m,=1 leads to the corre- 
lation, W(0): 


(23) W(0) = (1/6)|p [2 sin?0. 


The distribution of the pion momentum with respect to the direction of the 
)olarization of He, is symmetric with respect to the decay plane. There is 
A À \ 
no up-down asymmetry hence the correlation probability, A, is defined by 


2a n 
5 


(24) X= a =| (0) sin 9 46) | W(0) sin 940 = “, 


a 


») 


nA 0 
The value «P, is compared with the experimental value where P, is the 
polarization with magnetic quantum number 1. 


4. — Isotopic spin selection rule. 


In this section we will consider the isotopic spin selection rule. This can 
be done from the decay branching ratio of the negative and the neutral pion 
modes. Unfortunately we do not have enough data for this purpose so we 
will confine ourselves to the theoretical investigation and show how to apply 
our ideas to the problem. The negative and neutral decay rate takes the 
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simple form 


op (els 2+ bp"), 


(25) w(x-)fw(re) = (als 


where a and b are numbers which are tabulated in Table IT. 


TABLE II. — Branching ratio for the negative and neutral mesic decay. 


Hyperfragment J | J; a b 
DEUX | 1/2 | 1/2 I 1/3 
3/2 1/2 0 
dt, 1/2 1/2 1 0 | 
1/2 3/2 1/3 3/5 
3/2 1/2 1/9 3/2 | 
| 3/2 3/2 1/9 3/10 
WBE, 1 0 1 0 | 
I | 2 1 3 
Y | 0 0 il 
2 | 2 1 a 
WB, 1 | 0 1 0 
2 | 0 0 I 
uB, 3/2 | 3/2 7 3 | 
> ee a Ji: 22 ae Od een 
BC 1/2 1/2 I 1 | 
a lap 
| 


As stated earlier the parameters which we are using are related to those 
for free A-decay of OKUBO et al. (9) by 


A, = A bk [ox DO] 0) | 
dy, = A] VX DOT] 0) , 
a,, = BYG IX DB]® DI | 


[eo X DOP |O> | 


Nie 


(26.4) 


=< > 
dr — Bee 


oe 


The realit ae > we | : ‘ : a 
reality of A, Band the x, x branching ratio of the free A-decay, 2/1 give 
If we write the reduced matrix element in the form 


(26.c) V243] 


[PX DY |0y = rex pe) , 
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we see that conditions (26) give the ratio 2/1 for all the cases of Table TI. One 
may consider also the decay branching ratios of the same hyperfragment to 
the different residual state for x and 7° decay which is not always 2/1 even 
if we confine to the A/=3 0 $ rules. But the ratio does not change in the 
case with the simultaneous contribution of the AJ=4 and 3 rules. 


5. — Three-body mesic decay (numerical). 


51. Nucleon through definite states in decay. Directional correlation. — It 
is well known that the directional correlation is a good technique to deter- 
mine the spin of the nuclear states. We will consider the pion and proton 
directional correlation for assignments of the various possible spins of hyper- 
fragments. Now we are considering the decay through the definite spin (parity) 
of the nucleus so that the single j, and 4, (4 = 2=l) contribute as the inter- 
mediate state of the proton and residual nucleus interaction. Assuming the 
angle 9 between the directions of the pion and the proton we have the cor- 
relation function in the form 


W(0)= a<j{pr)|R,Y<R, |j:(kr)|Rx>?[b |s fe D(0, 00; Z) +d D(2, 00; Z)t+ 
+ e|p|*{fD(0, 00; 2) + g D(2, 00; Zt], 


— 
bo 
=~] 


where D(k, 00; 2) = P,(cos 0) and Z is the short notation for Z*#, (see (17)). 
The cross term between the direct and derivative terms vanishes for the cases 
in which we are interested. The coefficients a, b,..., g are numbers given by 


(28.a) a=((n41) 2( (Chip, tnt, Only, Taty) LARE], 
(28.5) b = W(jJJ,; WS.) Waid d,; ld), 
(28.c) STO MII) LOI) 
Jy 
(28.d) d = > 2 ME R(ILU; 2F)(—)2 022° Wd, JU; 254) , 
(28.e) e = W(4JjI,; I, W(3JjI,; J, A’) WIAA; G)W(U'44; bij): 
Coa" Opa" (271, 

(28.f) f = > [A/2(—)2 0 WCT JA; OJ) (—)* C_E ? Wd, JU; 04), 
(28.9) g = [J]2)" CALE WI, od, AN 2D)() 011° WIJ,IU; 24) . 

; J; 


The classification of the coefficients given here is convenient for the cal- 
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culation. We will calculate these values for the various intermediate spins J, 
for the decay of the three hyperfragments with A=3, 4 and 5. The three- 
body mesic decay of *H, is given by 


(29) SH, = D +p+r-. 
TABLR III. — T'hree-body mesic decay-nucleon through definite state in decay. 
i State | | | | a | ay 
J Jt J, | of p a b e d e J | g 


DOS TD SNS Al Se 42m 0 3/46. |1 0 
yada 125 8) le) seed) 00 0 0 1/2 1 0 
M2 01/2 1101/2,.3/2 | pa 24 | 1/9 1/6 0 0 0 0 
1 29210132132 le Pars 24 MS =| WLS 4/45 5/8 3/120 13/300 
22:82 ne 1/86 | 1/6) 0 1/8 3/6 0 
1/2 | 3/2 | 1/2, 3/2 | pis | 12 | 1/9 1/12 13/180 0 0 0 
3/2 | 1/2 | 1/2, 3/2 | pap | 24 | 1/144 | 1/12 0 24/144 | 1/20 0 
3/2 | 3/2 | 1/2, 3/2 | py | 24 | 1/36 | 1/6 16/225 5/4 1/80 4/15) 0 
3/2 | 5/2 | 3/2, 5/2 | pan | 24 | 1/256 | 5/52 4/135 | 35/48 |1/18 38/2205 
3/2 | 1/2 | 1/2, 3/2 | pin | 12 | 1/9 1/6 0 0 0 0 
3/2|3/2.|/1/2,18/2.| pia 12 | 5/72 | 1/64/72) 0 5/24 |1/44/3 | 0 
‘H\>3H+p+x 
| CRIE ON 0 e ee 1 0 0 0 0 
Pe CATE pred 6 4/27 2/27 0) 0) 0 
0 2 INE Pai | 9 0 (0) 0 5/2 4/75 4/75 
0 0 0,1 | Pie | 9/2) 0 0 0 1/2 2/3 0 
| 0 I 0,1 | Pre | 9/2} 1 2/27 | 2/27 0 0 0 
| i NL Nr: 217" | 1/36 | 4/27 1/27 25/12 |4/45 1/9y/ 105] 
I COSIO | Para | 9 | 1/12 | 4/45 28/45 5/4 4/25/1185) 1/150 
1 0 0,1 | Pry | 9/2 | 1/6 2/9 0 0 0 0 
I ] 0, 1 Drs | 9/2 | 1/9 2/27 | 5/108 | 25/12 | 2/45 Vis 
He, > *He+p+tr- 
| 5) »]c € 9 /< lo | ) | 1 
Me a2 1/2, a Pers 72a | 1/8 1/12 1/12 25/8 | 1/20 1/20 
1/2 1/2 i 3/2 Prys 36a 1/4 1/5 0 3/4 1/2 0 


The bound state of D- *He, 18.2 hi i 
ie tate of D+p, 3He, is S, which gives rather strong effect because 
It is a strongly bound state. Other intermediate states can only be possible for 
the p-wave nucleon. In computing the table (see Table III) we neglected 
d-wave nucleons. The ays of 4 i a 

‘ le decays of “AH, and ‘He, are given respectively by 


(30) SEL — 3H ME p He regni 
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and 
(31) ‘He, >*He+p+7. 


In these decays we have also considered up to p-wave protons. 
The decay of 5He, is given by 


(22) 5Hex > ‘He + p +7r 


This is à typical hyperfragment decay with strong final state interaction of 
the nucleon and the residual nucleus through the p, and p, channels. The spin 
of ‘He is zero so the proton state is equivalent to the total J,. We tabulate 
all the cases discussed above in Table III. 


52. Nucleon with no definite state. — In this case we consider only s-wave 
protons because the decay proton from s-state A stays in s-state without having 
interaction. The correlation function for *8H,, *H, and +He, decays are given by 


(33) W(0) = a'<jo(pr) \jo(kr) | RAS |2{b' D(0, 00; #) + e'D(2, ae 


2 (k/p,) Re(s*p)d' D(1, 00; Z) (pap D(0;,00352) 4-7 D2, 00 ZE 


The results of the calculation are given in Table IV. 


TABLE IV. — There-body mesic decay nucleon with no definite state. 

7 | J; et (oh | b' || d' e' ip. | 
5H, > D+p+ 

V2. he 125.8) 2 2 1/42 0 = 1/83 172 1/44 

SORT 2 0 0 0 7/32 1/28 
4H, >*H4p+r 

0 0, 1 1/2 1/2 0 0 0 0 

1 Ou Wi IG 0 0 11/54 1/27 


It is seen from the table that there is an asymmetry for the pion and proton 
angular correlation for the spin J=} state decay of *H, but no such term 
for the J=2 state. For 4H, decay the J=1 state contains a P, term about 
one fifth of the P, term but no P, term for the J=0 state. 
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6. — Mesic decay of A- 3, 4 and 5 hyperfragments and their spins. 


For the mesic decay of hyperfragments with low mass number there are 
comparatively adequate data in contrast to the case of high mass numbers; 
so we will in this Section confine ourselves to hypernuclei of mass number 3, 4 
and 5 and discuss them rather in detail. The important data is the ratio 
between the two-body and three-body mesic decays A=3 and 4 and the 
three-body mesic decay rate of 5He, through the unstable ground state and 
the first excited state of 5He. Assuming no final state interaction for the former 
we can determine whether for 8H, and *H, the parallel or antiparallel spin 
coupling is favoured. From the latter we can determine the mixing rate 
of s- and p-wave for A-decay. We will start from the *H, decay. For J—1 the 
p-wave pion and the s-wave nucleon contribute. Thus the numerical constants 
arising from the arbitrary normalization in our formalism for the relative 
two-body and three-body decay rates are determined from the decay of *H, 
both for the parallel and antiparallel spins of the *H,-decay. This simple 
result arises only if the outgoing nucleon is in s-state both for *H, and +H, 
decays. We will arbitrarily introduce the constants C, and €, for *H,-decays by 


(34.4) w(4H, > *He + 77) = 4k C,|8 |? ioe JE 0; 
(340) = 4nkC,1.29(pi/k*) |p |? ford =A; 
and 

(35.4) WE = HS pit TD CE Olas Tord = 0) 
(35b) = dap, C,(p?/k?) |p |? Tor J ==). 


where k/p, 1.32. We can determine the ratio 0/0, comparing with the 
experimental rate (1) of 


Ul SH tesa) 


= 28/6. 
DH SH po x) /6 


(quire) oe Nel Msn, Val re SO Il OF i i 
This values fixes 0,/C,~2 and 1 for J=0 and 1 respectively. Using the 


same definition of ©; and 0, we have, 


(36.0) w(?H, > He + r-) = 127k 0,[0.25 


$ 


°+ 0.11(p4/k?) |p 
(36.5) = Lrk 0, 0.33 (pi /k*) | p |? FOLTA 


for J=i, 


14) k. G. Ammar, R O VI-SET' TER RES : : ac 
1a) x MAR, R. Levi SETTI, W. E. SLATER, 8. LIMENTANI, P. E. SCHLEIN 
and P. H. STEINBERG: preprint. 
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(37.4) w(*H->D4+p+7x)= 16pC,[0.13|s|?+0.014(p, /k)Re (s*p)+ 
+ 0.05 (ph /k?) | p |] FOLIES 
(37.b) = 167%p, 0, 0.27(pi [k°)|p for J= 3. 
It must be remarked that the asymmetry term with respect to pion-nucleon 


correlation does not vanish even for the total decay probability; we obtain 
from (36) and (37) the relations 


w(eH, >*He + 11+ 4.6x2)C, 
a nae RY — | 2) — for J—+ (38.4) 
n (AEE Ss 1D) se p Sca) 6.5 + 0.7 Re (x) + 2.5x2)C, 7 
CO; DIGA 
Ska tor J =e O0: 0) 


where «=(p,/k)p/s. If we use C,/C, obtained from the *H, decay we have 
for (38.a) and (38.b) respectively & 1 and 3. Experimental data for (38) is 
s—.5 (4) thus we cannot draw a definite conclusion from this investigation 
but the ratios 1 and 3 are big enough for a final decision (compare also our pre- 
vious report (?)). 

The decay rate of He, ~*He+p-+zx- through the ground state p; and 
the first excited state p, of °He is given by 


(39) wfw* & (17+55x?)/(20 — 6x), 


where w and w* are the relative probabilities of the three-body mesic decay 
through the ground and the first excited states respectively. The experimental 
rate of (39) is & 54/18=3/1 (%) which gives x7(k?/p,) &.6 and p?(pi/k?)/ 
[(ppilk+s?) & .4. This is consistent with the value obtained from the free 
A-decay, 0.2 + 0.8 (5). If we accept the value 0.4 Dalitz and Liu’s calculation 
for the ratio of two-body decays to all the mesic decays for 4H, definitely gives 
the spin 0 of the *H, and hence spin zero for ‘He, by the charge independence 
of .N-A forces. Thus we are again led to the conclusion that the kaon parity 
is odd from the observed 


(40) Ko p4He == tHe ea 


reaction (1?). 


(15) R. Ammar, R. Læevi-Serri, W. E. SLATER, 8. LIMENTANI, P. E. SCHLEIN and 
P. H. SteIimBERG: Nuovo Cimento, 13, 1156 (1959). 
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7. — Final state interaction in two-body mesic decay. 


Assuming weak time reversal invariance (7°) for the decay of the hyperon (77) 
we can express the matrix element of the reaction matrix of the hyperfragment 
decay in terms of the absolute value of the matrix element times an appropriate 
phase factor from the pion-nucleus scattering (18). Expanding the amplitude 
corresponding to the two-body mesic decay in partial waves (as we did in 
our formulation) we can write the partial amplitude in the form 


LIR,(J, L)|expto,(J, L) , 


(41) 


LU 


where | R,(7, L)| is the absolute value of the partial amplitude, 6,(J. L) is 
the pion-nucleus scattering phase shift, 7, J and L are the total isotopic spin 
in the final state, total angular momentum and the relative orbit of the pion 
and the residual nucleus. 

It is especially interesting to see the effect on the isotopic spin selection 
rule. As an example let us take the *H,-decay; we have the following rela- 
tion for *H,-decay (Table IT) and (26): 


9 


eos te 2 eds |2 = 2y? | e + 2 ef, |? 


WU HOSE TT) 0 
w(SH, —°H + n°) 1 fe —4es |?+ y? 


. 
2 


CLR Cds Ss 


I 


where 6,, 05; du: 
in isotopic spin 3, 3 respectively and y=|B,/A,|. We have no available data 
for the pion-nucleus phase shift at about 40 MeV. If we assume that it is 
about equal to the mass number of the residual nucleus times the pion-single 
nucleon phase sift (1°) we obtain an appreciable effect on the ratio (42). Using 
the experimental values of the pion-nucleon phase shifts (19) à, & 8°, 0,2 — 4°, 


d,, are the pion-*He scattering s-wave, p-wave phase shifts 


Oy, = 0° and dg = 0° the ratio of the s-wave contribution changes from 2/1 to 5/4 
which is an appreciable change. Thus we conclude that the pion-nucleus scat- 
tering phase shifts at about 40 MeV are very important for the determination 
of the isotopic spin selection rule from the two-body mesic decay of hyper- 
fragments. 


À ) P. T. Marruews: The relativistic quantum theory of elementary particle inter- 
actions (lectures notes), (University of Rochester, 1957). 

(7) R. E. MARSHAK: Science, 132, 269 (1960). 
(SS M. WATSON: Phys. Rev., 95, 228 (1954); M. Kawacucurt and S. MINAMI: 
Prog. Theor, Phys., 12, 789 (1954); M. Kawaaucni and K. NISHISIMA: Prog. Theor 
Phys., 15, 180 (1956). | 

(9) G. Puprr: Annual International Conference on High Energy Physics at CERN 
(1958). i NET ‘36 
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APPENDIx I 


Integrals for the three-body mesic decay probabilities. 


The integrals appearing in the three-body mesic decay probabilities are given 
by 


GALL), 2A = | dQ dp dk 0(Q+p-+ k) dE-0>/2m,— p?/2m,— k?/2m,) F(p, k, cos 9), 


where Q, p, k and m,, my, my are momenta and masses of the residual 
nucleus, the proton and the pion respectively. 0 is an angle between the 
momentum of the proton and the pion. The scalar function (Fp, k, cos 0) takes 
1, k?p*, k*p* e080, & così, k*p*cos@ k?, ktp?, k?cos0 and k*p? cos?@ for the 
cases in which we are interested. They come out from the spherical wave 
expansion of the pion wave function. The argument of the Bessel functions 
appearing in the expansion is small so that we may take the lowest terms 
in an expansion with respect to their argument. After performing an integration 
with respect to Q we obtain 


(A.2) At 2(227)*m, | pap k dk d(cos @) 
-0(cos 0 — m,E/pk + (m, + m2)p/2m2k + (m, + m,)k/2m,p) F(p, k, così) . 
The upper and the lower limit of the integral will be determined by the 


ô-function given by (1). To find out the limit of p and k in eq. (2) we proceed 
as follows 


(A.3) p2|m,+ k?]ms + (p+ k)?/m, = 2H, 
(A.4) k2(1/m, + 1/m,) + 2kp cos 0/m + p?(1/m,+1/m,) — 2H = 0. 
Hence 


__ , — Pp cos 6/m, + V p? cos?0/mi — (1/ms + 1/m;){(1/m + 1/ms)p? — 2} Li 
(A.5) k= 1/m, + 1/m; 


— p così + 


V2(1 + m,/m;)Hm, + p?(cos?6— (1 + m/m:)(1 da m,/Ms)) 
1-+ mm; i 
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Since k is always real, 
p’{(1 + m,/m.)(1 + m,/ms) — cos? 9}: 2m,H(1 + m,/ms) 

or 
(A.6) P<zV2MmE(14 m,/ms)/{(1 + mm) + m,/m3) — cos? 65 i 

To find the maximum value of k for a fixed value of p we vary così in (4) 
or (5) and maximize k if the value cos0 so obtained is inside the range 
—1<cos#<1 otherwise it is on the boundary cosÿ— +1. Differentiating (5) 
with respect to cos@ for fixed p we get ch/c(cos@) to zero for extreme we 
find either p= 0; or, 

V2m,E(1 + m,/ms) + p>{ cos? 0 — (1+ m,/m.)(1 + mi om) f = p così 

or 


pa = 2mE/(1+4 mm) = 2mm,E/(m+ M) 
and arbitrary cos0. But for this value of p? 
k = (—p cos 0 + p così)/(14+ m,/m;) = 0 since k>0. 


Hence an extremum is for k=0 or p=0 and arbitrary cos@. In all other 
‘ases we have to choose the arbitrary values cosÿ = +1. Thus 


[AES SS k ne 


with 

(A.7) ee =p + V 2m,8(1 + m,/m;) — p*{(1 + m,/msz)(1 +-m,/ms;) — 1} 
max 1 + m,/m; 

and 

(A.8) 0<p< V 2m, H(A + m,/ms)/{ (1 + m,/Ms)(1 + m,/m3) — 1} 


Making use of these values we obtain the integral A in the form: 


HEURE 


(A.9) A, = 227) m(ms/(m + ms)) 2, . 


(A.10) Ay = (dav)? my (amg/(my + ms) {2m (my + my) EI: [ms — 


iid mu ( Mit Mz + Ms) — Mes I 
MMs as 
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Ha kp* cos? 0 


(A.11) A, = 2(220)?m,(mg/(m, + ms))? [Fmym;HI,/(m, + ms) + 


+ (m, + Mz)mM3(1 — B)/me(m, + ma) + 8(m3/(my + ms))?(3 — 108 + 3p?) Ls | A 


P= k così: 


MyM, — MyM; — 2MyMo 
MS) A, = 2(2p}m(m/ (x + Ma))? — È di 


DIC 


MMs 


ep cost 


20) A, = 2(2x)°mlma/(m + ma))t: 


x 
f QQ 7 . ì 

1e — 4 MM (SD — 7) — (m, + Moe)(m + Ma) da + 
m>(m, + ms) L JE 1 1 ds 


+ {(B 1)(m, + Mz)/ms — 4 (mal (mu + m3))(3— 10 2 sn 7 
F = k?: 


CAST) As= (4at)?m,(ms5/(m, + mo))!- 


Ma (M + My 4 Ma) — Molz 
-|2(m, + m3)m EL fm — —— TA 
MoM 
INS 1B Ore 
(A.15) A, = (2(22)?/3) m,(ms/(m, + ms))*- 


:[(6 — 208 + 682), + «(20 —128)7,-2 6621. 


(416) Ag CL 


brane Ms Sa a Ma (Mm, + Mo + ms) | ae 
(Mi + Ms) Ì MMs f 
== hen? cos20= 
; | le 2 Es TB) La 
(A-17) A= 2(20)?m,(ms/(m, + m3))* = mm L2T, — n MM - Ge n aL 


| W 


= 3 (ms/(m, + ms))?(3 — 8B + B?) L, à 


where J, and J, are defined by 
Pmax 
(A.18) = CÈ de Va— Ba? A 


0 
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and 
Pmax 
n Qn_-1 1 VA — Ba? — it aes 
(A.19) Jn = 12 dx Va— bi ; 
0 


where x and # are given by 
a = 2m(m, + m,)E]m, and pf = m;(m+m,+ Mz)/M2Ms . 


These integrals become simple if we use the fact that the pion mass is small 
compared to the mass of the hyperfragment. They are given by 


I & 2 ((A—1)/A)* ((my + m,,)/m,,)?my E {(1/4 (A—1))* (m,/my)* è + 2/2 E 
I, & 2?((A —1)/A)# ((my + m_)/m_)}mX E° {(1/A(A—1))} (m, "A Le 7/12} 3 
I, & 2°((A-1)/A)}((my + m,)/m,)? my E° {(1/A ( (A —1))? (m_ via + 2/24} 7 
Isa 23((A —1)/A)? ((my + m,)/m,,)?my Ht {(1/A (A —1))? ( a w) is + 2/30} , 
1, & 24((A —1)/A)? ((my + m,,)/m,)?my E° {(1/A (A —1))# (m,/my)P ve + 21/33} , 


where A is the mass number of the hyperfragment. 


J, & (1/3) (c/B)aeé , 

Ja & (2/15)(a/B)2ad , 
Js & (8/105) (a/B)3 ct , 
Ji & (16/315)(a/B)4cc8 . 


APPENDIX II 
Spin of py-shell hyperfragments. 4 


In the previous paper (!*) we pointed out that the binding energies of the 
py-shell hyperfragments are explained equally well by the parameters derived 
for both antiparallel and parallel-favoured spins. We want to point out here 
that from a comparison of the parameters of s-shell and p- -shell hyperfragments 
with no extremely strong spin-orbit interaction can give the antiparallel-fa- 
voured spins for py-shell hyperfragments. As is well known the effective 
nucleon-nucleon forces in the nucleus give very small expectation value of the 
tensor interaction which is effectively almost zero (7°). If we accept this con- 
cept for the effective Y-A forces we can determine the parameter for the Spin- 


(7°) J. P. Erirorr and A. M. Lann: Handb. d. Phys., Vol. 39 (Berlin, 1957). 
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orbit interaction of .N-A forces from the relation derived before. The actual 
potential is defined in the form 


(A.20) Ven = (1+ dopo, + bS a+ cL-S)Vir) , 


where a & —.24. Using the relations (38) and (39) in paper I and b & 0 we 
have ¢ & —.22 and 3.8 for the antiparallel and parallel spin respectively. Thus 
for a not too strong spin-orbit force we have the antiparallel spins of the 
pa-Shell hyperfragments. 


RIASSUNTO (*) 


Sulla base del nostro precedente modello per gli iperframmenti si discute sistema- 
ticamente il loro decadimento mesico. Si sviluppa il formalismo generale per il deca- 
dimento mesico a due corpi e a tre corpi. Si discutono la correlazione polarizza- 
zione-direzione e la correiazione angolare per i decadimenti a due ed a tre corpi, 
assieme alle probabilità di decadimento. Si sviluppa il formalismo in modo da inclu- 
dere la regola di selezione dello spin isotopico (A/=} e 3) per i decadimenti mesici. 
La teoria qui sviluppata è applicata specialmente agli iperframmenti con piccolo nu- 
mero di massa, in cui si trova che il rapporto di branching dei decadimenti mesici 
a due ed a tre corpi del 3H, e ‘H,, (HA — He+ x*)/8H\>D4+p+ xt) e 
(CHA + 4He+ x*)/#Hy->3H4+ p+ rt) può essere usato per la determinazione dello 
spin di entrambi gli iperframmenti. La frazione della porzione di decadimento in onda 
p per il decadimento A libero, ottenuto da Hey -He+p+x, in cui il decadimento 
passa per due stati risonanti (p3 e p,), è data da p?/(s?+p?)~.4 che dà lo spin nullo 
del #H, in connessione al diagramma di Dalitz e Liu e quindi parità dispari per il 
kaone. Il rapporto di decadimento del modo con carica e di quello neutro è sempre 
2/1 se e soltanto se è soddisfatta la condizione ottenuta da Okubo, Marshak e Su- 
darshan. Finalmente mostriamo che l'interazione nello stato finale per il decadimento 
mesico a due corpi può essere descritto dallo spostamento di fase dello scattering del 
pione e del nucleo residuo facendo uso dell’invarianza della matrice S totale dei 
processi di decadimento nella inversione (debole) del tempo di Wigner, 


() Traduzione a cura della Redazione, 
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Interactions of 1.15 GeV/c Ko Mesons in Emulsion - III. 
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Istituto di Fisica dell Universita - Torino 
Istituto Nazionale di Fisica Nucleare - Sezione di Torino 


(ricevuto il 20 Maggio 1961) 


Summary. — In the previous two parts of this work we have found some 
results about the emission of charged À hyperons from K interactions. 
Here we consider the experimental energy distribution of these Y, and 
we try to explain it taking into account the processes inside the nucleus. 


1. — In previous works (2?) we studied the emission of charged X-hyperons 

in the interaction of K~-mesons of 1.15 GeV/c with emulsion nuclei. We found 
that, after taking into account scanning 

BO 220005 loss corrections, the percentage of emitted 
charged Y-hyperons is 16.4%,. The energy 
distribution of the charged hyperons in 


oe the laboratory system is given in Fig. 1, 
area corresponding to one track where the dashed line represents the ob- 
served spectrum and the full line the 
spectrum obtained taking into account 
the corrections. 


4 


40 
his energy spectrum is very different 
from the curve one expects if the hyperons 
were produced in the reaction 


(*) C. M. GarELLI, B. QUASSIATI and M. 
VIGONE: Nuovo Cimento, 17. 786 (1960). 
(7) A. MARZARI Crresa, B QUASSIATI 
à ina à 4 : OSA, ~~ OuAssi 
om 600 800 and G. Rinaupo: Nuovo Cimento, 19 1171 
Fig. 1. (1961). 
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with an isotropic angular distribution in the centre of mass system (curve a 
of Fig. 1). In the present paper we make a rough analysis of the possible pro- 
cesses arising from K~ interactions with emulsion nuclei in order to see if this 
discrepancy can be explained. 


2. — First of all we must take into account that at 1.15 GeV/e the cross- 
section for the reaction: 


(2) K+No>X+rn4xn 


is not negligible. This is shown both from the results of ALVAREZ (*) and 
Goop (*) and from observations in nuclear 

à J n Nn a T 6 vs a 1,2 

emulsion made in our own laboratory (*?). 70!-n°of © hyperons 

In fact, analysing the stars in which two 
pions are emitted, we concluded that re- 


action (2) occurs in about 30% of the 60 


cases. Recent experiments (4) gave evi- 
area corresponding to one track 


dence for an isobar Y* that decays in the so 
mode Y*—A°:7 but nothing has been 

said yet on the decay mode Y* + Z2+7 (*). 
If this mode of decay occurred frequently, 40 
one would observe a peak in the Q value 
distribution calculated for the stars from 30 
which both = and x emerge. Such an 
effect was not observed in our 74 stars. 
This result, however, is not very signifi- 20 
cant owing to secondary processes in nu- 
clear matter. For this reason we simply 10 
calculated the energy distribution of the & 


a 2 1 peact] 5) 7] AR NA 
produced in reaction (2) with phase space kinetic energy (MS 


considerations, neglecting the contribution ORNE 200 00 waa 600 800° 
via the isobar production. The results Bios 2; 


are indicated in Fig. 2 (curve b). As one 
can see, the disagreement between calculated and experimental spectra is still 


important. 


(3) Alvarez s Report at the 1959 Annual International Conference on High Energy 
Physics at Kiev. 

(4) M. ALSTON, L. W. ALVAREZ, P. EBERHARD, M. L. Goop, W. GRAZIANO, Here: 
Tico and S. Woycicki: Proc. of the 1960 Annual International Conference on High 
Energy Physics at Rochester, p. 445; Phys. Rev. Lett., 5, 520 (1960). 

(*) Note added in proof. — More recent results give an estimate <4% for the 
percentage of the decay mode Y*=2+7 (M. H. Arsron and M. FERRO-LuzzI: Rev. 
Mod. Phys., 3, 416 (1961) and UCRL 9587). 
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3. - The above mentioned calculations neglect all the processes occurring 
in the nucleus. These processes can be distinguished in two types: those oc- 
curring after the X-hyperon production (scattering and absorption of X-hype- 

rons) and those preceding the production process 


lag (scattering and charge exchange of the primary 
Kean NA : K -mesons). 
A On can make a very simple calculation using 
a one dimensional diffusion equation in the 
nucleus. 
Fig. 3. The nucleus is considered as a sphere of 


fi x a 
radruss.h = A (Hie.13): 
In order to obtain the fraction of charged X-hyperons emerging from the 
nucleus, we solve the diffusion equation: 


(3) AN, = N,(æ)ô dæ — Ny(2)y da, 


where: N,(x) is the number of Y at the distance x inside the nucleus; 
1/6 is the K -meson’s mean free path in nuclear matter for pro- 
duction of charged hyperons: 
1/y is the mean free path for © — A conversion in nuclear matter. 


The number Nx(x) of K -mesons at the distance x is given by an expo- 
nential function: 


N(x) == No exp | ua | 5 


where: 1/4 is the mean free path for production of charged and neutral hyperons 
in nuclear matter. In this way we take into account that a non-negligible 
amount of X-hyperons is produced by reemitted K~ and K°-mesons. 
A straightforward calculation gives the following expression for the frac- 
tion fy of charged hyperons emerging from the nucleus: 
(4) r== 9 [g(yR) — g(uR)] 
i y = ° ‘ ? 


where : 


1— (1+ 2y) exp[— 2 
2y) e» 2a 
g(y) = SIA 
ay? 
The reason for which in eq. (4) we use the mean 
explained later. 
The energy distributi » reine S-hv ; : 
ey DRUUIOT of the emerging 2-hyperons is strongly modified 
by the processes inside the nucleus. On the contrary the spectral distribution 


values of à and 4, will be 
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of those X-hyperons produced in a primary collision and emerging without 
suffering scattering depends only on the production process. Using a similar 
diffusion equation we can evaluate this percentage, f,, and we obtain: 


(5) fo ee [g(PR) = g(ak) | , 


Where: 1/x is the K -meson’s total mean free path in nuclear matter; 
1/5 is the X-hyperon’s total mean free path in nuclear matter. 


In the preceeding calculations the biggest approximation is the use of a 
one-dimensional model. 

This hypothesis is however justified by the fact that the direction of 
X-hyperons lies, in almost 90%, of the cases, within the forward cone, as it 
is indicated by simple two-body kinematics calculations taking into account 
the Fermi motion of the nucleus. The same holds for the laboratory angular 
distribution of the re-emitted K~-mesons, according to recent experimental re- 
sults (°), as will be discussed later. 

To obtain from eqs. (4) and (5) the values of the fractions fy and fo for 
the average emulsion nucleus (A=49, Z=22, r, =1.2:10- cm) we must 
know the values of x, f, à, y, u. Some of the related cross-sections are fairly 
well known while, unfortunately, for the others the available experimental 
information is still very poor. Moreover the K -meson cross-sections are 
energy-dependent. While eq. (5) involves only the primary K -mesons of a 
definite kinetic energy, T,— 750 MeV, in eq. (4) we must use the values cor- 
responding to the average energy of primary and re-emitted K™ mesons. 

The processes in which a K7 (or a 6°) meson is re-emitted in a collision 
with a nucleon, are the following: 


a) coherent diffraction scattering; 
b) incoherent elastic scattering; 
e) inelastic re-emission with 7 production. 


In order to evaluate the mean kinetic energy of re-emitted K  -mesons, we 
assumed an isotropic angular distribution in the centre of mass for process b), 
and we used a black sphere model for process a). To test the validity of our 
computation and to find the best values for the involved parameters, we have 
compared the results of the same black sphere computation for a kinetic 


() V¥. Cook, B. Cork, T. F. Hoane, D.'Keere, L. T. Kerra, W. A. WENZEL 
and T. F. Zier: Proc. of the 1960 Annual Intern. Conference on High Energy Physics 
at Rochester, p. 456. 
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energy of 1.5 GeV with the angular distribution experimentally obtained by 
Cook et al. (5). Combining the results of computations for processes a) and bd), 
we obtained for the K~-mesons re-emitted in these processes a mean kinetic 
energy in the laboratory system of about T,= 600 MeV. The K-mesons 
emitted through process c) have certainly a lower kinetic energy. We do not 
know the influence of process c) on the final results, and we will do all the 
calculations neglecting it. We shall take into account this approximation in 
the conclusion of our work and we shall make there some considerations on 
the possible weight of process €). 

A great uncertainty exists at present about the values of the parameters y 
and- Ô as functions of energy, owing to the lack of experimental data. The 
cross-sections for production of hyperons have been determined from hydrogen 
bubble chamber work (3) at 305 MeV/e and 1.15 GeV/c. The cross-sections 
for the production of hyperons in the interactions of K -mesons in flight with 
neutrons have not yet been determined. 

We made an estimate of fy introducing for the cross-section o; the value 
SOLD). 

As to the cross-section o, relative to the & — A conversion, no direct de- 
termination has been done so far. We can obtain it indirectly from the know- 
ledge of the total cross-section 0; of charged Y-hyperons (that was assumed 
to be equal to that of nucleons of energy in the range between 100 MeV and 
500 MeV; 6,— 50 mb) and from the cross section of X-hyperon scattering 
given by STANNARD (5) (**). 


9, = (25 + 10) mb. 


We carried on the calculations for three different values of the parameters x 
and y, that are the most uncertain. 

MT n Ar atarce ‘ Ç LI Sei ~ » 

Phe parameters « and à entering in eq. (5) refers to the energy P= Mey 
and are known (53) 


Me / ravers ote 3 va far te 1 = 
(*) Alvarez’s data (*) give for K~ interactions on protons: 


Os 4 mb at l'r = 750 MeV, 
05 = 18 mb at Tx 200 MeV . 


We have tentatively chosen an intermediate 


; value, taking into account the energy 
of the primary K \ 


! rir beam and an estimated mean kinetic energy of about 600 MeV 
for the K~ mesons re-emitted in processes 4) and b) | 
(5) I. R. STANNARD: UCRL-9389 (September 1960). 


("*) From the values, giv r SU i 

) alues, given bv Stannar Selgpattonine he : 
i : e innard, of D+ sq attering cross sections on protons, 
we evaluated the + scattering cro 


Ss sections on neutrons accordi i 
j S acco o snare a 
pendence. | AM nile DS 
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The numerical results are collected in Table I. 


On (mb) fy fo Jscatt | Je 


| a mb, 
| 15 | 18 1.2 2.8 14 
| 20 | 15 io 2.8 11 
| | 
| 25 12.5 1.2 2.8 8.5 
30 1] 12 DIR i | 
| 
O, = 25 mb 
15 11.5 1.2 1.4 8.9 
| 20 10 1.2 1.4 7.4 
| 25 8 12 1.4 5.4 
30 7 1.2 1.4 4.4 
Oy = 35 mb 
| 15 9 ie 0.6 ne 
| 20 Hod 1 0.6 5.7 
25 6 1.2 0.6 4.9 
30 4.5 1.2 0.6 DT 


Column 3 indicates the fractions of & emitted from primary K7-mesons 
which suffered scatterings before emerging, and column 4 the fraction of & 
produced by re-emitted K -mesons (*). 


4. — Even with the uncertainties in the choice of the various parameters 
involved, Table I clearly exhibits some interesting features. 


a) The fraction of emerging X-hyperons experimentally determined is 
16.4% (1). This value agrees rather well with the maximum value of f, which 
appears in column 1: this indicates that the mean o;=8 mb used in eq. (4) 
cannot be further lowered. This is in agreement with the fact that a consi- 
derable percentage of the emerging X-hyperons are produced by secondary 
K-mesons, of lower energy, as it is also shown by column 4, and that the cross- 
section for charged XY-hyperon production strongly decreases with increasing 


K--meson energy. 


(*) This fraction was obtained by a diffusion equation derived in a similar way 
as eqs. (4) and (5). 
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b) The percentage of Y-hyperons directly produced in a primary col 


lision is not very high (column 2). 
columns of Table I expressed as percentages of the total number of emerging 


> *-hyperons. 


hn? 


600 


10 
by 
INS 
vt 


13 
16 
20 


26.5 


MeV 


800 


TABLE II. 


QG; 


In Table II we give again the last three 


td 
Gets 


T 
sents 
- 15 mb 
15.5 77.5 
19 he 
DI 68.4 
25 64 
— 25 mb 
12 78 
14 74 
liken 67.5 
20 63 
= 35 mb 
7 80 
3 76 
10 70 
13 60.5 


These figures should allow us to eva- 
luate the energy spectrum of the emitted 
Y°-hyperons. A detailed calculation would 
be easy to carry out, but it would be of 
little significance owing to the conside- 
rable uncertainty in the parameters and 
especially to the difficulty of estimating 
the weight of inelastic K-meson re-emis- 
sion. However a rough estimate of the 
energy spectrum according to the percent- 
age of Table II (f,...= 73%, feat: = 19%, 
f,= 8%) seems to be not very far from 
the experimental spectrum except for the 
peak at very low energies (Fig. 4). This is 
probably due to the fact that an inelastic 
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K-meson re-emission with pion production (process c) of Section 3) occurs 
rather frequently. 

If it is so, this process will give rise to a non negligible number of Y pro- 
duced by secondary 2 -mesons of kinetic energy lower that the mean value 
of 600 MeV we used in our calculation. This fact will modify our results in 
the sense that the value of 0; will be greater than 8 mb, and that a greater 
number of X-hyperons of very low energy will be emitted. These are only 
qualitative considerations, but will change the results of our chlculation in 
the right way to give a better agreement both with observation a) of this sec- 
tion, and with the experimental energy spectrum. 


We would like to thank Dr. A. E. WERBROUCK for his helpful suggestions 
and discussions. 


RIASSUNTO 


Partendo dai risultati sperimentali ottenuti nelle prime due parti di questo lavoro, 
viene presa in esame la percentuale di iperoni © carichi emessi nelle interazioni di K~ 
da 1.15 GeV/e. Viene inoltre data una giustificazione della distribuzione in energia 
di questi XY, tenendo conto dei vari processi dentro il nucleo. 
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(ricevuto il 26 Giugno 1961) 


Summary. - The mass difference AM between the KÎ and K} mesons 
has been investigated by producing K° mesons and observing the K° 
component of the K°-K° admixture as a function of time. The K°’s were 
sampled by using the charge exchange process and detecting the resulting 
K~ mesons. The best value for the mass difference is AM=1.940.3%/7,e° 
where 7, is the mean life of the K9. However, selected high mass-diffe- 
rences (AM > 10) are also consistent with the data. 


1. — Introduction. 


We describe here an experiment designed to measure the mass difference 
] af wee à HO, 7 0 vel 1 4 A n d = 4 È 9 
AM between the K{ and K} mesons in the range of 0 < AM <10#/7;e? 


, where 
7, is the mean life of the K? meson (10- s). 


That a mass difference between 
the K} and K} would, under the proper circumstances, appear as an inter- 
ference effect in the relative abundance of K° and K° was first 
SERBER and discussed in the paper of PAIS and PICCIONI (ey 

out in this paper that the relative intensity, 7, of the K° or K° 


suggested by 
It is pointed 
as a function 


* ry) e , Di ql rad a gh n . . n = n 
(*) This work was supported by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 


(4) A. Pars and O. PIccroNnI: Phys. Rev., 100, 1487 (1955). 
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of the elapsed time ¢ from the moment of production of a K° is given by 


ROME ot Ave 
(1) Li ia # [1 + exp [— t/t,](+) 2 exp [— t/27,] cos Avi | : 
where 
AMe? 
Lara 
h Tr 


and where the K° decay rate has been neglected. It has become customary 
in the literature to express the mass difference in units of the width of the 


a 
ne 


mass, 46, AM = yh/7,c?. 

A mass difference between the K° and K° can be expected since the life- 
times of the two particles are different. Indeed, the principal interest in the 
mass difference stems largely from its being the only known instance where 
a self-energy due to the weak interactions is susceptible of experimental deter- 
mination. In addition, a convincing demonstration of a small mass difference 
would rule out the possibility of transitions involving a strangeness change 
of 2. Such transitions permit a rapid mixing of K° and K° giving rise to a 
large apparent mass difference between Kî and KS (?). 

Goop has suggested (*) a different effect sensitive to the mass difference. 
He has shown that the angular distribution of the K° mesons regenerated in 
material placed in a K3 beam is sensitive to the mass difference. This method 
has been employed in the experiment of MULLER et al. (*). 

Various other ramifications of the mass difference and the determination 
of its sign have been discussed by several authors (57). The initial mass dif- 
ference measurement (8), of limited statistical accuracy, utilized the interfer- 
ence effects given by eq. (1). In this measurement the K° and K° components 
were sampled as a function of time by observing strangeness conserving inter- 
actions. TREIMAN and SACHS (°) have pointed out that the leptonic decay 
modes also sample these components. In particular, within the framework of 


(2) L. B. Okun and B. Pontecorvo: Zhur. Eksp. Teor. Fiz., 32, 1587 (1957); 
(Translation: JHTP, 5, 1297 (1957)]. 

(3) M. L. Goop: Phys. Rev., 110, 550 (1958). 

(4) F. MuLLER, R. W. BircE, W. B. FowLER, R. H. Goon, W. Hirscu, R. P. MATSEN, 
L. OSwaLp, W. M. Powe tt, H. 8S. Ware and O. Piccron1: Phys. Rev. Lett., 4, 418 (1960). 

(®) W. F. Fry and R. G. Sacus: Phys. Rev., 109, 2212 (1958). 

(5) I. Y. Koszarev and L. B. OKUN: Zhur. Eksp. Teor. Fiz., 39 605 (1960); 
(Translation: JHTP 12, 426 (1961)]. 

(7) N. N. Brswas: Phys. Rev., 118, 866 (1960). 

(8) E. BoLpr, D. 0. CarpweLL and Y. Pau: Phys. Rev. Lett., 1, 150 (1958). 

(*) S. B. TREIMAN and R. G. Sacns: Phys. Rev., 103, 1545 (1956). 


73 - 11 Nuovo Cimento. 
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the AI=} rule, the K° decays to e(u*) +m + and the K° decays to 
e (u)+rt+v. Since this method was proposed the decay rates for the 
leptonic modes have been measured and found to be relatively small (1913). 
In condensed material the interaction rate is substantially higher than the 
decay rate. For this reason it appears most feasible to measure the K°K° 
admixture through the strong interactions and this is the technique employed 
in the present experiment. 

As seen from eq. (1) the interference effects are damped with a time constant 
of 27, corresponding to a distance of approximately 2.4 in. for particle mo- 
mentum of 500 MeV/c. Since it is necessary to make observations close to 
the point of production, and therefore in a region of high background, it was 
the design of this experiment to charge exchange the neutral K° mesons to 
K- meson and with their relatively long lifetimes let them carry away the 
information from the region of high background. The experimental appa- 
ratus consisted of a source of K° mesons (5.3 GeV protons striking a Pt target 
in the bevatron), a converter variable in distance from the target (1}in. to 
5 in.) for charge exchanging the neutral mesons, and a detector of K~ mesons 
in a region of relatively low background approximately 18 ft. from the target. 
The energy of the proton beam and the angle of observation from the target 
were chosen to be highly unfavorable for the direct production of K7 and 
K° mesons. 


2. — Apparatus. 


The K-mesons were produced in a 1£in. long, Lin. wide, and Lin. thick 
platinum target bombarded by protons with a mean energy of 5.3 GeV. The 
target was located in the west straight section of the bevatron and the K’s 
were observed on the inside radius at an angle of 84° with respect to the proton 
beam. Rather than move a single converter back and forth relative to the 
target, we chose to use different converters at different distances in order that 
the converters subtend a constant solid angle at the center of the target. 
Furthermore, to enhance any effect originating in the converter an absorber 
VA shadowed the detector from direct radiation from the target was used. 
SA eee ; TAS se” io in the K beam direction, 3 in. high, 

2+in. o, a as made of uranium. The target, converter, shadow-bar 
assembly is shown schematically in Fig. 1. | 


(10) M. Barpon, K. 
5, 156 (1958). 
CSD ANBAGU EH. Os ORONON AN. IL. PETROV, A. M. F 


LANDE, L. M. LEDERMAN and W. Cutnowsky: Ann. Phys., 


ay gosaNOVa and V. A. RUSAKOV: 
Proceedings of the 1960 Conference on High Energy Physics (New York, 1960), p. 603 
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It was necessary to plunge the target assembly into the beam region of 


the bevatron with each pulse. 
make it possible to place any of 
the four converters in position by 
a remote switch. To obtain data 
at additional positions it was ne- 
cessary to remove the target as- 
sembly and install a new set of 
converters. In these changes one 
of the converters was always held 
at a fixed position to provide a 
means of checking that no system- 
atic effects occurred. Three sets 
of converters were used during two 
runs of the experiment at the be- 
vatron. The first set was of cop- 
per, 3 in. thick, which subtended 
horizontally a half-angle of 114°. 
The vertical half-angle was 60° 
except for the converter at the 
largest distance which, for me- 
chanical made to 


reasons, Was 


The mechanical arrangement was such as to 


À 
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Fig. 1. — Layout of the target, converter, and 

shadow bar, elevation view. The proton beam 

entered the target on a line perpendicular to 
the plane of the figure. 


subtend a half-angle of 50°. The converters were spaced at intervals of 14 in. 


from the center of the target. 


The second set 


consisted of four } in. thick 


tantalum converters also spaced at 14 in. intervals from the target. In this case 


the horizontal and vertical half-angles were 113° 


TNT) 


LL 
scale in feet loaded 


concrete 


vacuum 
chamber 


\Sshadow bar 
converter 


A proton beam 


Kis. 2: 


at the bevatron. 
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- Plan view of the experimental arrangement 


The third set of 
converters was similar to the 


and 505 


second set except that they 
were located at 17, 14, 3%, 
and 43 inches from the tar- 
get. Note that the first con- 
verters in the second and 
third sets are identical. 
The K-mesons were se- 
lected by momentum ana- 


lysis, velocity selection, and 


range. Fig. 2 shows a plan 
view of the experimental 


arrangement within the mag- 


net ring at the bevatron. 
The K beams from the 
target assembly are first 
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momentum-analysed (~ 540 MeV/c) in a 18 in. x36 in. H magnet. They are 
then focussed at a point approximately 20 ft. from the target by two 6 in. 
aperture quadrupoles. Additional momentum analysis is provided by a 
12 x24in. C magnet placed after the 

absorber A absorberB focussing magnets for beam cleaning 


purposes. It is necessary for the de- 
incident | 
LJ 


tector to cover the image of the largest 


beam converter. For this reason the verti- 


——————} 
[===>] 
SSSSSESSESESS) <——. 


Cy Co C3 Si. Sse, SY cal and horizontal magnifications were 
0 1! chosen to be 0.4 and 1 respectively. 
Ponso Ay | In addition to the shielding shown in 


Fig. 3. Arrangement of the counters in the plan view, the detector was enclo- 
the K-detector. Scintillation counter Sì sed on all sides by iron loaded concrete. 
defined the beam and was 2-in.x4-in.x $-in. Fig. 3 shows the counter arrange- 

ment used to detect the K-mesons. Velo- 
city selection was done using both Cerenkov and dÆ/dx counters. Cerenkov 
counters €, and ©, are each sensitive to particles with velocities between the 
Cerenkov threshold and the velocity at which the radiation is totally inter- 
nally reflected (0.62 < 6 < 0.78 for the carbon 


- : Fe ies à x ll ie ivalent 
disulphide radiation) (2). Cerenkov counter pial ung ge Aaa, 


ot CEE 105.9 
| 


CO, (threshold B— 0.75) is operated in anti- 

coincidence to reject those 7-mesons which | 7 
may have been detected in C, and 0,. Fol- 10 100 
lowing the Cerenkov counters, four scintil- © 4 
lation counters, denoted by S,, Sa, S and S, 4 
imposed a range requirement on the K- È | | < 
mesons in the beam. Counters 8,, S., and % | | < 
S, were operated in coincidence and S,, run 

in anticoincidence, set the maximum range oie ie 
accepted. Counters S, and S, served as | | 
dE/dxr counters. The output of S, and S, A 4 
was fed to a fast integral discriminator which aT 
as set to eliminate about 80% of the mini- "I 
mum ionizing z-mesons. The K-meson stop- 0 ; 3 * Alp 
Pe eae Orban B was signaled by a C,C,C, absorber A thickness, inches of Cu 
S,S,S,8, coincidence (prime denotes anti- Fig. 4. — Differential range curves 


coincidence). Absorber B in the case of run of K* and K_ mesons. 

T was fin. thick, in run II, Lin. thick. The 

thickness of copper absorber A could be varied remotely. That the overall 
detection system was effective is seen from the differential range curves for 


(2) D. Ritson: Techniques of High Energy Physics (New York, 1961), p. 322. 
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both K° and K°-mesons originating in the target, shown in Fig. 4. The 
small background seen in the K~ range curve is due largely to beam par- 
ticles. This background decreased proportionately when the shadow bar was 
inserted to attenuate the beam directly from the target. The ratio of the num- 
ber of K~ to K~ mesons coming directly from the target was approximately 
0.01. The shadow bar attenuated the K* beam by a factor of ~10. Taking 
the number of K®s equal to the number of K~’s at the target the background 
level of K° mesons was —107 of the number of K®’s at the target. The x- 
meson rate was given by a SS, coincidence with the S, and S, discriminators 
set to a low value. The ~7/K~ ratio was approximately 104 at the detector. 

It was important to minimize the number of protons which traversed the 
target, recirculated around the bevatron, and struck the converter structure. 
To this end a large target was placed 180° around the machine at a smaller 
radius to absorb the recirculating protons. During the long period in 
which the protons were allowed to strike the target, there was a substantial 
energy variation in the proton beam. For this reason data were recorded in 
three tandem time channels corresponding to mean energies of 5.0, 5.4, and 
5.7 GeV. The final data showed no difference within statistics at the various 
incident proton energies. They were therefore combined. 

The circulating beam striking the target was monitored by two separate 
counter telescopes which viewed the target directly from outside the magnet 
ring. The 7 and K rates were normalized to the monitor rate. 


3. — Data. 


The number of K*, K-, and (for checking purposes) x was recorded in a 
large large number of relatively short 


runs for the various converter posi- [ T 
x 
tions. The sum of all the data is is ix 
: We save oe 24 N ae 
shown in Fig. 5. The ratio of K7 to È SI Va 
K* is used not only to aid in remo- AE ? 
ving systematic effects but also be- K* 1 


= 
| 
| 
= 


cause any charge exchange of the K° 
component is thereby included. As | 
È i Sa Fi 
is seen from eq. (1) the mass diffe- 


ni to n* ratio” 


rence effects have an opposite phase 


K~to K*ratio S 


in the K° and K° components. Taking 


oO 
o 
(=) 
n 
| 


I (displaced) 
run I 


T 
BH FOF HH 
i) 
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=] 


Fig. 5. Experimental results. The curve F 
through the K /K° points is the best fit F 
as determined from a least-squares analy- 
sis. The x /rxt points are fitted visually. 
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the ratio therefore emphasizes any mass difference effect that may be oc- 
curring. 

The most striking evidence for the occurrence of the charge exchange 
process comes when the shadow bar is inserted into the beam. The K~/K~ 
ratio increases by about 30% when the shadow bar is in place. One would 
expect the ratio to decrease due to the greater absorption of the K~ mesons 
unless conversion was actually taking place in the material placed in the beam. 

A possible explanation lies in the production of Ks by As and Y's ori- 
ginating in the target. This, however, requires the production of A®s with 
a momentum of 1.5 GeV/e at 90°, a highly unlikely event. Furthermore, the 
data point closest to the target is good evidence against this possibility. 

For comparison, the = ~/x* ratio is shown as a function of converter dis- 
tance. The essential flatness of this curve indicates that no gross systematic 
effect was taking place. 

Included in Fig. 5 are data (displaced data) obtained by moving the first 
set of converters 2in. closer to the target. This changed the solid angle sub- 
tended by the various converters and for that reason the data from these dis- 
placed converters are treated on a different basis. 

Two corrections have been made before computing the ratio. The first 
one is for multiple scattering around the shadow bar. The correction is neg- 
ligible in the copper converter data except for that converter closest to the 
shadow bar. The corrections in the case of the tantalum converters closest 
to the shadow bar are quite substantial. However, the ratio K-/K°* is quite 
insensitive to this correction 


a correction made with fair accuracy. The velo- 
city difference between the 7 and K mesons leads to a difference in the mul- 
tiple scattering which makes it easy to pinpoint and check the magnitude of 
this effect. The second correction is made only to the data from the displaced 
copper converter nearest the target. This correction, which raised the plotted 
point about one-half the length of the error bar, comes from the beam which 
goes through the target, recirculates around the bevatron and strikes the con- 
verter. A radial profile of this recirculating beam was obtained by leaving the 
converters in place and moving the target about 10 ft. downstream in the same 
straight section of the machine. The number of K’s was then recorded as a 
function of the converter as in the normal course of the experiment. The 
number of recirculating protons falls off very rapidly as one goes to radii 
smaller than the target radius and it was necessary to correct only the data 
from the converter closest to the target, 

To interpret the structure seen in Fig. 5 in terms of a mass difference it 
is necessary to know the velocity of the pertinent Ks. The velocity spectrum 
of us mesons which give rise to the charged mesons detected depends on the 
details of the charge exchange process in the copper and tantalum converters. 


Si it 1 ‘| < T È ‘ € + 4 fr = . 
Since little is known of these details we have estimated the aver: ge velocity 
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(and its rms deviation) from the following considerations. The detector selects 
charged K-mesons of approximately 540 MeV/c. The neutral K-mesons which 
cast, by charge exchange, Ks into this momentum channel must possess 
momenta between approximately 540 MeV/e and the maximum momentum 
of the production spectrum. Assuming the charge exchange cross-section to 
be independent of energy lost in the process the number of K°mesons effective 
in the experiment is given by the production spectrum above approximately 
540 MeV/e. In the design of the experiment a production spectrum given by 
phase space was used. As a check the number of K*-mesons at 540, 635, and 
730 MeV/c was measured. The measurements at 635 and 730 MeV/c were 
made by raising the magnet currents appropriately and degrading the energy 
of the K-mesons with carbon and aluminum absorbers before they entered 
the velocity and range-sensitive detector. The results have therefore been 
corrected for absorption and multiple scattering in the degrader and for the 
fact that a given momentum interval corresponds to a larger range interval 


relative number 


K* momentum in MeV/c 


Fig. 6. — Production spectrum measurements compared with the results of various 
phase space calculations. The relative number is proportional to the differential cross 
section for the production of K* at 90° in the laboratory. The solid line refers to 
the reaction p+n— A°+K*+n for a proton energy of 5.8 GeV. The broken line refers 
to the reaction p+n— X°+K*4n for a proton energy of 4.8 GeV. A Gaussian distri- 
buted Fermi momentum with a mean energy of 19.3 MeV was used along with a matrix 
element |H| which expresses various angular and momentum dependences, vie. 
(a) HI (0). | H}2=cos? 9, (ce) |H|?=p?—1, and (d) |H|?=cos? 6(y?—1). The 
angle 0 and relativistic factor y are c.m. values for the K meson. The measurements 
were made at a mean energy of 5.3 GeV and at an angle of 84°. 
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at higher momentum. Confidence in the correction was established by checking 
with x-mesons which have a somewhat higher absorption cross-section and 
show nearly the same multiple scattering at these momenta. The results are 
shown in Fig. 6 along with the results of the phase space calculations for a 
variety of matrix elements (*) (!*). 

It is observed that the measured K* flux extends to a higher momentum 
than the phase space calculations suggest. Presumably, the extra contribution 
is due to secondary scattering processes in the producing nucleus. Using the 
measured spectrum we obtain for the average momentum over 540 MeV/c, 
p/M = yB =1.30 + 0.20. We consider this to give an upper limit to the velo- 
city spread. 

A separate estimate of the velocity spectrum was made by assuming the 
charge exchange process to be completely elastic involving individual nucleons 
in the nucleus with 20 MeV Fermi energy. Isotropic charge exchange over 
the angular interval subtended by the converter gives yf— 1.18 + 0.08. In 
the analysis of the data the latter mean momentum was used since that model 
is probably closer to reality but with a more generous error as indicated by 
the first estimate, viz.: 1.18 + 0.15. 


4. — Results and conclusions. 


ae - Le veal Pek : 
The K° rate, after multiple scattering correction, proved to be nearly con- 
stant. For this reason we have fitted the K7/K* data to the function. 


a+Agw 
b à : 
(2) NOA | (exp [— x] — 2 exp [— x/2] cos ua) de ~ 
adr 
sin wu da 
= a+ b (exp [— x] — 2 F * exp [— «/2] COS sur | a 


where æ is the distance between the converters and the target measured in 
ite È à n Dave à à qu x 1 

units of the mean decay length of K° meson in the laboratory, u the mass 

difference in units of #/7,c?, Ax the uncertainty in the distance due to the 


() A number of experiments have relied on the phase space calculations in the 
es of the data, eg. PANOFSKy et al.: Phys. Rev., 109, 1353 (1958), and 
ARDON et al. (1). To our knowledge this is the first time these have be ene ohly 
checked in this energy region. Applied to the results of BARDON oe om 
of the K3 it suggests that their value should be reduced somewhat aa of the o 
average velocity of the K mesons than is given by phase space. 
(13) These calculations follow those of M. M. Brock, E. M. Harte and R. M 
STERNHEIMER: Phys. Rev., 100, 324 (1955). tig i 
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finite thickness of the target and converters and the velocity spread of the 
K particles, a and b two constants to take into account the unknown back- 
ground and magnitude of the effect. A least squares fit was performed se- 
parately for run I and II. There 

was essentially no difference in 1.0 
the results. Therefore, the data i poss 
from the two runs were combin- 


ed. Fig. 7 shows the y? proba- 


bie 2 x n À oscillations + 
bility of the fit as a function of { 


probability 
Oo 
Si 


the mass difference. The best fits x 04 | nei 

are for u=1.9 as well as for di- Di A 

serete values between 10 and co. L / 

The displaced data points of Fig. 5 esa Gs E = ! “at 
run I were not used since they mass difference in units of ty/c,c? 

were taken under somewhat diffe- Pig. 7. The y? probability as a function of 
rent conditions, as discussed be- the mass difference. 


fore. The point closest to the target 
however, constitutes a strong argument against a high mass-difference, /7.e., 
u = 30. Isolated values of x between 10 and 30 where the wavelength of the 
interference effect is a multiple of the spacing between the data points are 
acceptable. The best fit in the interval 0<u<10 is for u=1.9-+0.3 where 
most of the error arises from the uncertainty in the velocity. 

These results are to be compared with those of CAMERINI ef al. (4) 
u= 1.502 and with those of MULLER ef al. (*) using the method suggested 
by Goon, u= 0.85%. 

At this mass difference, u=1.9, the least squares analysis yields b/a= 
— 0.11 + .03. Using this result one can estimate the cross-section for the 
charge exchange process, K°+n ->K --p in the converter nuclei, assuming 
isotropy in the c.m. system and an equal number of K° and K° mesons at 
production. This yields a cross-section per nucleus of 0.05 xo 


geometric * 


It is impossible for laboratory visitors to conduct an experiment of this 
extent without the most helpful co-operation of the host laboratory, in this 
vase the Lawrence Radiation Laboratory. It is with great pleasure that we 
acknowledge the interest and encouragement given by Dr. E. LOFGREN, Pro- 


CON Biron nl PAL AY «Moo POWELL oH; Hozrra, W. FP. brr, JR 
GAIDES, S. V. NaraLi, R. B. Wittman and U. CAMERINI: Proceedings of the 1960 
Conference on High Energy Physics (New York, 1960), p. 601. 
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fessor E. MCMILLAN, and the staff of the bevatron. We thank Messrs. CANTON 
KILPATRICK, and VALLEDON for an ingenious target arrangement. We also 
thank Mr. Stuart L. MEYER for much assistance during run I. 


RIASSUNTO) 


Si sono studiate le differenze di massa A.W fra i mesoni KS e K%, producendo 
mesoni K° ed osservando la componente K° della miscela K°-K° in funzione del tempo. 
Si campionarono i K° servendosi del processo di scambio di carica e individuando i 
mesoni K™ risultanti. Il miglior valore della differenza di massa è A_M=(1.94+0.3)#/7,e 
in cui 7, è la vita media del K°. Tuttavia, alcune opportune elevate differenze di massa 
(AM=10) concordano con i dati. 


(*) Traduzione a cura della Redazione. 


4370 


Leds 


ii NUOVO CIMENTO Vi gito ASINI: ING 15 16 Dicembre 1961 


Mesic Decays of Hypernuclei from K Capture. 


III. — Caracteristies of the Parent Stars (*). 


D. ABELEDO and L. CHoy 


Physics Department Northwestern University - Evanston, TU. 


R. G. Ammar (*), N, Crayton, R. LEVI SETTI 
M. RAYMUND and O. SKJEGGESTAD 


The Enrico Fermi Institute for Nuclear Studies, 
The University of Chicago - Chicago, Ill. 


(ricevuto il 15 Luglio 1961) 


Summary. 422 K - and 13 X -capture stars emitting mesic hyper- 
fragments (MHF) have been studied in an attempt to understand the 
mechanism of hyperfragment production. 123 K stars emitting SLi 
fragments were also considered. Several criteria were used to separate 
K- captures in C, N, O and Ag. Br. Lower limits for the proportion of 
MBE produced in C, N, O are 57%, 73%, 84%, and 94% for H,, He,, 
Li, and MHF of Z> 4. For8Li, this lower limit is 75%. An overall frequency 
of (1.05-+0.05)-10- MHF/K -capture and (3.841.4)-10-2 HF/Y -capture 
is obtained. The energy spectrum of the pions emitted in the capture 
stars indicates that a substantial fraction of the emitted bound As orig- 
inates in -conversion processes. Indication of bound-A production from 
multinucleon K~-capture processes was obtained, important in the case 
of H,. The momentum spectra for different hypernuclear species are 
very similar and the spectra of He, and Li, are, in turn, comparable 
with the momentum spectra of He and $Li respectively. Hyperfragments 
are emitted preferentially opposite to the direction of emission of an 
associated pion or fast proton. The backwards-forward (B/F) ratio is 
for x, MHF events, 1.8--0.4. Two models for the production of hyper- 
fragments are proposed. According to the first (« trapped-A ») the A 


(*) Research supported by the National Science Foundation, by the U.S. Atomic 
Energy Commission through Argonne National Laboratory subcontract, and by the 
U.S. Air Force Office of Scientific Research, Contract No. AF 49(638)-209. 

(*) Now at Northwestern University, Evanston, JIL. 
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created in the elementary process is trapped in the nuclear potential 
well of the parent nucleus. The HI is then emitted in the process of 
nuclear de-excitation. In the second model (« prompt-HF ») the HF is 
emitted promptly following the K° or € interaction with a group of 
nucleons. It is concluded that both mechanisms may contribute. The 
occurrence of both processes can explain essentially allthe salient features 


of hyperfragment emission. 


Introduction. 


The study of hypernuclear binding energies and of the branching ratios 
in the charged mesic decay modes of light hypernuclei have been the subject 
of two preceding reports (EFINS-NU Collaboration, Parts I and II (*)) he 
an attempt to obtain information relevant to the mechanism of hyperfragment 
production, we present here the results of an analysis of the parent K -absor- 
ption stars. 

Analysis of individual hyperfragment (HF) parent stars has been already 
used as an auxiliary method in the identification of hypernuclei (??). System- 
atic investigations on the HF production in K~ absorption have been reported 
by SCHNEPS et al. (5), SACTON ("), GORGE et al. (8) and by OVERSETH (*). Both 
m™-mesic (MHF) and non-mesic (NMHF) decays were included in these works 
which all refer to nuclear emulsion studies. In addition, a considerable amount 
of information on the production of HF following K capture in He, has been 
given by the He-bubble chamber collaboration group (2°). 

The main source of material at our disposal is the sample of 376 MHF 
from K~ stars which were analysed in Parts I and II. These events originated 


(4) R. G. Ammar, R. Levi SertI, W. E. SLATER, S. LIMENTANI, P. E. ScHLEIN 
and P. H. STEINBERG: Nuovo Cimento, 15, 181 (1960), part Ls 195 207961) pari 


Grek Ce Gib: Gi VroLer and R. So Weer: Phys. Rev., 103, 248 (1956). 
(?) B. P. Bannix, U. G. GuLiamov, D. K. KoPyLova, A. A. NomoriLov, M. I. Pon- 

GOREETSKII, B. G. RAKHIMBAEV and M. Usmanova: Sov. Phys. JETP, 7, 198 (1958). 
{ 


() Po Ho Fowrmr: Phil Mag., 8, 1460 (1958). 
(5) P. E. SCHLEIN and W. E. SLATER: Nuovo Cimento, 21, 213 (1961). 
(9) J. SCHNEPS, W. F. Pry and M. Swami: Phys. Rev., 106, 1062 (1957). 
(7) J. Sacton: Kiev Conference (1959), reported by E. H. S. BurHoP: UCRL-9354. 

) V. GorGE, W. Kocn, W. Linpr, M. NikoL1é, S. SuBotic-NicoLié and H. Wix- 
ZELER: Nucl. Phys., 21, 599 (1961). 

() O. E. Oversern: Bull. Am. Phys. Soc., 6, 39 (1961). 
(1°) Helium Bubble Chamber Collaboration Group, Proc. of the 1960 


: A Annual Interna- 
tional Conference on High Energy Physics at Rochester. 
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in K° captures in nuclear emulsion of standard gelatin concentration. An 
additional 46 MHF produced in a stack with twice the standard gelatin con- 
centration (2x diluted emulsion) have been analysed for the purpose of the 
present study. With these statistics, one can attempt a description of the 
production features of individual hypernuclear species. 

In Section 1-6 of this paper, the experimental results are presented. Par- 
ticular emphasis is placed on a determination of the fractions of MHF pro- 
duced in light (C, N, O) and heavy elements (Ag, Br) of the emulsion and on 
a comparison of the characteristics of MHF emission with those of ordinary 
nuclear fragments, such as He and &Li. 

In Section 7 the data are examined with reference to several mechanisms 
which may play a role in the emission of hyperfragments. 


1. — Emulsion stacks and measurements. 


Three distinct stacks were employed in this work, the individual pellicles 
comprising each stack all having an area of 10 cm x 15 cm. They differed in 
the following essentials: 


Stack A consisted of 59 K-5 pellicles of thickness ~1200 um (EFINS), 


Stack B consisted of 59 K-5 and 71 L-4 pellicles of thickness ~ 600 um 
(NU), 


Stack C consisted of 40 K-5 pellicles with twice the normal gelatin 
content and of thickness ~ 600 um (EFINS). 


The stacks were exposed to an enriched K° beam (300 MeV/c) at the Ber- 
keley Bevatron in December 1957. Further details concerning the properties 
of stacks A and B and the scanning for the detection of hyperfragments have 
been already reported in Part I and II. It is worth-while to repeat here that 
only for stack A were all grey and black prongs from each capture traced to 
their end in the stack. 

The measurements reported here have been made on 422 stopping K's 
yielding MHF as well as 123 K--capture stars yielding ‘Li fragments. At 
least two observers made a careful search for the emission of a fast pion for 
both kinds of primary stars. The blob density at plateau ranged between 
about 12 and 19 blobs/100 um in the various stacks employed. But the stacks 
of lower minimum blob density were not used in determining the frequency 
of associated charged pions and their energy spectrum. 

For all the 545 selected stars, the ranges of the grey and black prongs were 
measured and their identity ascertained even in those cases in which the par- 
ticle did not come to rest in the stack. All light tracks (g*<1.5) were inter- 
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preted as pions. In addition, for stack A, the energy spectrum of the asso- 
ciated pions with dip angle <30° was determined from either range or ionization 
measurements. The space angles between the direction of emission of a pion 
or «fast» proton (range >1 em), and that of the MHF, SLi, or stable prongs 
with a range <150 um, were also measured (see Section 5). 


2. — Hyperfragments from light and heavy elements. 


In attempting to distinguish between K~ captures in the light (C, N, 0) 
and heavy (Ag, Br) elements of the emulsion, we followed the approach already 
extensively used in the analogous problem for 77 captures (1!) and in one 
instance already applied to the K~ absorption problem by GROTE et al. (24). 

The parameters which differentiate captures in C, N, O from captures in 
Ag, Br are: a) the minimum energy with which charged particles are emitted, 
due to the different repulsive Coulomb potentials of the two groups of parent 
nuclei, b) the fraction of Auger electrons associated with the capture stars, 
and c) the prong number distribution of the capture stars. AI the MHF 
parent stars have been analysed using these three criteria. 


a) The theoretical effective height of the Coulomb barrier for Ag and Br 
is approximately 4.2 MeV and 9.6 MeV for protons and «-particles respect- 
ively (5). However, experimentally, slightly lower values, of ~3.3 and 
~ 6.5 MeV for protons and x-particles have been reported as a result of studies 
of z--induced disintegrations in emulsion nuclei (#8), and the latter values have 
been adopted here. They correspond, in our emulsions, to proton ranges of 
75 um and «-particle ranges of 30 um, The emission from K~ stars of protons 
or g-particles with ranges shorter than these values may therefore be inter- 
preted as evidence for a capture in a light nucleus of the emulsion. — 


In order to make full use of the barrier height criterion, one should of 
course be able to discriminate protons, deuterons, tritons, from x-particles 
and heavier nuclear fragments. No such discrimination has been attempted 
here. We thus considered as captures in light elements only those stars with 
a prong of range <30um. This obviously implies that in this region there 
should not be a noticeable contribution of heavy fragments (Z > 2) from cap- 


(*) D. H. PERKINS: Phil. Mag, 40, 601 (1949). 

('2) M. G. K. Munoy, H. MurrBHEAD and 0. Rocuat: Phil. Mag., 41, 584 (1950). 
(13) M. DEMEUR, A. HuLEUX and G. VANDERHAEGHE: Nuovo Cimento, 4. 509 (1956). 
\:*)TC. GROTE, I. Kunpt, U. KRECKeR, K. Lantus K. Lewin and tio no Meme. 


Nuovo Cimento, 14, 532 (1959). 
(5) E. SEGRÈ: Bxperimental Nuclear Physics, vol. 2 (1953), iO IE, 
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tures in Ag and Br. An indication that this effect is indeed negligible is given 
by the known frequency and energy spectra of emission of SLi from K~ capture 
(see Section 42). Our choice of the lowest barrier heights as well as our choice 
of the lowest cut-off range (because of 
lack of discrimination between charges 24 
1 and 2) are both of such a nature as 


16 
to make the number of events labelled [ Ze 
«captures in light elements », only a SE 
lower limit to the true number. o 20 40 60 80 100 ao 110 >150 


Fig. 1 is a plot of the range distri- 
bution of the shortest prongs associated 


with K° stars emitting various species a Stable prong 


of MHF. A lower bound of 2 um was aul 

imposed on this range distributions in. 

order to minimize the contribution of $ Z=2 

recoils from captures in heavy nuclei. = 

The shaded area in the figure repre- $ 0 BOO" Lo 

sents the cases in which the MHF itself S 

was the shortest prong. It was also as- 3 Z=3 

sumed that separation between captures 

in light and heavy elements could be ai 

achieved for these events using the bar- Z=4,5,6 

rier criterion. Minimum emission ener- 5 4 80 

gies from Ag and Br were derived from 

the adopted values for Z=1, and 2, Te, 
Unidentified 


in proportion to the MHF charge. probable A>5 


As can be seen in Fig. 1, the fraction î a <5 223 
A . 40 60 
of MHF parent stars which must have QE Range (jm) 
originated in C, N, O is large and seems Fig. 1. — Range distribution of the 


to increase with the Z of the hyper- shortest prong (R>2um) of K~-cap- 
nucleus emitted. Lower limits for such ture stars emitting mesic hyperfragments. 
fractions are approximately 57°, for The shaded area is the distribution of the 
nine tor He, 640 for Li, and ue ee os es oe a pees 
Rene the shortest prong was the MHF itself. 
94% for Z>4hyperfragments. For 
MHF of Z=3, these fractions are 
mainly given by the hyperfragment range distribution. Analogously, from 
the range distribution of ‘Li, which will be discussed later (4.2) one obtains 
that at least 75% of these fragments must originate in K7 captures in 
C, N, O. Very similar results have been obtained by ALUMKAL et al. (19) 


(16) A. ALUMKAL, A. G. Barkow, G. KANE, R. E. McDanreL and Z. O’FRIEL: 
Nuovo Cimento, 17, 316 (1960). 
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for the related process of “Li emission following =~ capture in nuclear 
emulsion, 


b) The fraction of Auger electrons accompanying the capture of nega- 
tive charged particles in nuclear emulsion has been often employed to yield 
the proportion of captures in light and heavy elements of the emulsion res- 
pectively. While the yield of Auger electrons from mesonic captures im OO, NG 
amounts to only a few percent and may be neglected for our purpose here, 
the yield of Auger electrons from K~ captures in Ag and Br is probably greater 
than 50% (1). An exact knowledge of this yield is not required however if 
one compares the frequency of Auger electrons from MHF parent stars with 
that of a random sample of K~ captures. According to a recent calculation 
by Hix (18) for K-5 emulsion of standard concentration, a random sample 
of K--meson captures should contain captures in light and heavy elements 
in ratios of about 1:1.67. 


The 216 MHF parent stars in stack A have been studied for presence of 
Auger electrons of more than 3 grains, and for the presence of blobs. 7 stars 
with Auger electrons and 5 with blobs were found thus giving a relative fre- 
quency of (6 +2)% of both Auger electrons and blobs. A search for random 
electron tracks spuriously associated with the MHF decay points indicates a 
background of —1%. An analogous search on a random sample of 160 K™ 
‘aptures has given a relative frequency of (31+ 4)°, associated Auger elec- 
trons and blobs. Although these two values may not represent the true yields 
because of loss of the fastest Auger electrons, their ratio should be free from 
such loss. 

On the basis of the above results, the fraction of MHF production in Ag, Br 
is about 12%. Thus method 6) yields information which is compatible with 
the conclusions obtained using the Coulomb barrier criterion. 


e) Further support to the result that most of the MHF are produced 
by captures in the light elements of the emulsion can be derived from a study 
of the prong number distributions of the MHF parent stars. It is well known 
that 77 captures in C, N, O lead generally to the emission of a larger number 
of prongs than captures in Ag, Br (12%), That a similar behaviour is presented 
by K -capture stars, in the average, has been shown by GROTE et al. (14). 

The prong number distribution of the MHF parent stars and of the SLi 
parent stars is shown in Fig. 2, where distinction is made among parent stars 
of the various hypernuclear species. Also shown is the distribution obtained 

r RATT » 
by GROTE et al. for a random sample of K -captures stars attributed to light 


E. I. S. Burnop: The Auger Hffect (Cambridge, 1952). 
(8) R. D. Hizz: preprint (1961). 
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elements on the basis of the Coulomb barrier criterion; the histogram labelled 
in Fig. 2 « Total—C, N, O » refers to the difference between the prong number 
distribution for all stars and that for captures in C, N, O, thus representing 
a Sample enriched with captures in Ag, Br. It is quite evident from the figure 
that the prong number distributions of the MHF parent stars and that of 
K- captures in light elements have 


very close similarity. The diffe- 30 
rence of these distributions from ib 251 
that referring to captures mostly i 1 se à RE 


in heavy elements is well marked. 
One may also notice that the ave- 
rage number of prongs from MHE 
stars decreases with increasing 
hyperfragment charge which is 


consistent with the picture of 


prevailing MHF production in 
C, N, O. In conclusion, all the 
information from the various me- 


N 
(©) 


(en) 
N 
nu 


thods of approach a, b, and e, is 
internally consistent and points 
toward an overwhelming fraction 25450 
of MHF being produced in light 


elements, this effect being parti- 


cularly marked for MHF of ÊTRE | FE PRES 
Len: 0 


Number of events 
Ss 
i 


1 3 5 7 
; L PL 

Fig. 2. — Prong number distribution 20 
of the parent stars of MHF’s of 
Z=1,2,3 and greater. Also included 0 1 PNEU à 7 
are the prong number distribution sok t., 
for SLi emitting stars and for K° I —K capture in C,N,U 
captures in light elements of the emul- 40 ----K "capture “total-C,N,0" 
sion, the latter as given by GROTE 0 È (Grote et.al.) 

et al. (14). 1 en 57 


Number of prongs 


3. — Frequency of hyperfragment production. 


31. Mesic hyperfragments from K~ stars. — The numbers of MHF observed 
for the various hypernuclear species in this experiment, are given in Table I 
where distinction is made among the emulsion stacks employed. The numbers 


18 i 


TA - Il Nuovo Cimento. 
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Tage I. — Frequency of mesic hyperfragments from K capture in nuclear emulsion. 
| LI Stack © 
| Stack À Stack B nr 
| > (2x diluted) Adopted n 
| Hyper-nuclide | i o Peay, OE 
| from | from | from from from from 
| RMS RA SA Ko se 
| beva | iF ssa È 
| SER 15 0 + 0 3 0 | 0.5+0.5 0.15+ 0.06 
| 4H, |41-+(9) | 3 |23-+(6) 1 10+(1) ap ih ere 0.46+-0.15 
‘He, 11+(5) 1 7+(5) 1 24(2) | 0 |) 1540.4} 0.49+0.10 
‘He, 45+(26)| 1 |43+(27)| (1) SL (6) 1 "90 Se 15 403 
"He, 4 0 Lo I 0 
To 30 2 17 0 3 0 
Be, 4 0 5 0 0 0 S49.) 3.7 EEE 
Bi 3 0 1 0 1 0 (°) 
on 3 1 0 0 1 0 
| AE 21 | I | 21 1 8 0 
Observed no. Bae a Pi | 
of MHF 216 9 €] 46 0 
| È = ee eee A 
No. MHF | 
| corrected for | 
geometrical loss | 216 180 53 
| No. of K~ star 
| (excluding K,) 17070 17 000 SITI 
| Corrected no. K | 18925 | 18845 4132 
| Frequency of | | 
MHF from K™ |(1.14+0.07)% |(0.96-+0.07)% |(1.28+0.17)% 


(b) See ref. (2°). 
(c) Q7 estimated from the known frequency of HF production in K~ capture stars (5°21), 
by subtracting the contribution of IT, and Hey. 


(a) This value of Q7 is obtained on the basis of 2 identified non-mesic decays of sgl = RIG 
‘ =. “joe 34 7 6 Sc à ps ay i ] 7 e 7? 
and 4 m~-mesic **H, ()in the same range and dip interval taken from the same sample of KU stars. 


of hyperfragments produced by K and Y capture are indicated separately. 
Correction for geometrical loss of events applies only to stacks B and €, since 
for the stack A all grey and black prongs from each capture star were traced. 
Due to the longer average HF range, this loss affects mostly the hydrogen 
hyperfragments. The scanning efficiency for MHF detection, as determined 
from repeated scans, was at least 0.9 or better for all MHF configurations as 


(19) R.G. Ammar, N. Crayton, K.P. JAIN, R. Levi Serri, J. E. Mort, P. E. SCHLEIN. 

O. SKJEGGESTAD and P. K. Srivastava: Phys. Rev., 120, 1914 (1960). 
(20) {PE SCHLBIN: Phys. Rev. Dett.,.2, 220 (1959). 
(7) J. SACTON: Nuovo Cimento, 18, 266 (1960). 
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reported in Part II. Since, however, the scanning loss of MHF events has been 
found to arise mainly in the loss of the capture star itself, about the same 
fractional loss affects both the number of MHF’s and the number of stars 
examined, except possibly in some of the rare decay modes with configurations 
that are difficult to detect. 

Only stars with number of prongs _-1 were recorded in the area scanning 
of all stacks. The numbers of stars given in Table I have therefore been cor- 
rected to include the number of zero-prong K~ stars (K,) using for their fre- 
quency the value (0.098 + .01) (22). 

The frequency of MHF production per K~ capture is then (1.14 + 0.07): 10-2 
and (0.96 + 0.07)-10-? for stacks A and B respectively (for standard emulsion 
concentration). A value of (1.284 0.17)-10-? obtains for stack € (diluted 
emulsion). It is of interest to compare the relative frequency of MHF pro- 
duction in standard and diluted emulsion respectively with that expected on 
the basis of the known chemical compositions. If one takes 0.85 as the ratio 
of the capture rates for K~ in heavy and light elements in 2 x diluted emul- 
sion (obtained from the data of HILL (15)) and assumes that ~ 80% of an 
MHF are produced in light elements, one expects an increase in HF yield il- 
the diluted emulsion by a factor 1.24, not inconsistent with the observed value 
of 1.2 + 0.2. 


32. Hyperfragments from X stars. — Table I also contains the numbers 
of MHF produced by Y captures in our sample. Although the actual number 
of X ’s is not determined here, it will be assumed that — 2% of the K° 
captures emit X ’s which in turn come to rest and produce a star with at 
least one prong (?). Correcting this figure for &,’s (#), we obtain that a total 
of 2460 © hyperons should have come to rest in our stacks. The yield of 
MHF per > capture is thus (0.5 + 0.2)-10-?, somewhat lower than that ob- 
tained for K~ captures (*). 

Out of a sample of 140 identified =~ captures producing Sone prong, 
2 MHF and 13 NMHF were found. Correcting again for the undetected &,’s, 
one finds for the total HF yield the values (3.8+1.4)-10-? HF/X capture. 


3'3. Hyperfragment emission probabilities. — In order to estimate the hyper- 
fragment emission probabilities (P,,— number of HF/number of bound plus 
unbound A’s produced) from the observed MHF yields, additional information 


(22) EuroPEAN K~ COLLABORATION: Nuovo Cimento, 12, 91 (1959); 13, 690 (1959); 
Parc I; 14, 315 (1959), Part II. 

(23) EuroPEAN K~ COLLABORATION: Nuovo Cimento, 19, 1077 (1961). 

(") Note added in proofs. — Similar results have been recently obtained by J. SACTON, 
M. J. BexIston, D. H. Davis, B. D. Jones, B. SANJEEVAIAH and J. ZAKRZEWSKI: 
preprint (1961). 
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is required on a) the total A yield from K™ capture stars in nuclear emulsion (*), 
b) the non-mesic/z~-mesic ratio (Q~) for the various hypernuclear species, and 
c) the ratio of n°- to x -mesic decays. Column 8 of Table I indicates the values 
of Q- adopted for H,, He, and heavier. Corrections to take into account 
the =° decay modes, according to DALITZ and Liu (*4), have been introduced 
to derive the P,, given in the last column of Table I. The approximate value 0.7 
was used for the fraction of K~ captures in nuclear emulsion nuclei yielding 
A-particles (2). The values of P. thus obtained refer to the average of the 
emission probabilities for the various emulsion nuclei. With a knowledge of 
the correct K~-capture rates and & yields in C, N, O and Ag, Br separately, 
and using our results on the MHF production in light and heavy elements 
one could estimate P.,, for the two groups of nuclei. Such P,, will, however, 
entirely reflect the striking difference already discussed for the rate of MHF 
production in C, N, O and Ag, Br. 

As can be seen from Table I, the average emission probability increases 
with the mass of the hyperfragments, and thereby with the binding energy B,. 
It can also be noticed that P.,, for 4H, and *He, are approximately the same, 
as one could anticipate for mirror hypernuclides (on the rather crude assump- 
tion that Q is identical for *He, and *He,). 

A further quantity which can be estimated from our data in a few in- 
stances is the yield of specific hypernuclides relative to the yield of the cor- 
responding nuclear cores. The ratio of these quantities, 7, can be estimated 
for 5He, and *hi,. On the assumption that *He represent ~ 40% of the 
visible nuclear fragments from K~ capture in 0, N, O (as discussed further 
in 43), we obtain for “He, (having B,—3.0 MeV), ryx— 0.03. The corrected 
number of *Li (hammer tracks) produced by K~ captures in our stacks is 
150 - 15. This may be compared with 6 identified mesic decays of *Li , in the 
same volume. Taking as lower limit of Q~ (*Li,), the value of 4 (21), we 
obtain for *Li, (having B, 7.2 MeV), rx > 0.24, apparently much larger 
than the above results for *He,. 


4. — Spectra of emission of mesie hyperfragments and ordinary fragments. 


4 Tome / 1 veloci en eety i 
41. Momentum and velocity spectra of MHF. — Making use of the range- 


energy relation for heavy ions of HECKMAN et al. (*) the momentum and velo- 


city of each identified hypernucleus has been determined. Histograms for 
. . . ; ' = 
these quantities are displayed Separately in Fig. 3 for v 


a ee eae EUR arious hypernuclear 
species. The distributions are corrected for ceometrical los 


8 of events for those 


() Not including the ‘A’s from the decay o> A+ y 

( i / A 

ne R. H. Dazrrz and L. Liu: Phys. Rev., 116, 1312 (959) 

(2°) H. H. HpcKkMan, B. L. PERKINS. W. G. SIMON, F. M. SMITH and W. 1 


= ! ASE 
Phys. Rev., 117, 544 (1960). LE 
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stacks where only events contained in a single plate were recorded (dashed 
contour). The loss of very low energy events due to difficulty in separating 
primary and secondary stars should be confined to the regions of momenta 
below 40, 80, 130 and 230 MeV/c for H,, He,, Li, and Z>4, 5, 6 hypernuclei 
respectively, corresponding to a range of =3 um. Since it has been previously 
shown that the majority of the MHF originate in the light emulsion nuclei, 
a comparison of the momentum spectra should be almost unaffected by Coulomb 
effects, at least in the region accessible to observation. 


24 
16h — observed 
L ----corrected 
8- = 
0 ci 1 = mi 
28 
20F 


ine) 


>» 


Number of hyperfragments 


2=45;6 
0 puri Re CNRS 1 lets Li 1 errs) J 
100 300 500 700 .02 .06 10 14 18 
Momentum (MeV/c) Velocity (V/c) 


Fig. 3. Momentum and velocity spectra of MHF’s from K captures at rest in nuclear 
emulsion. The broken line, part of the spectrum for Z—1, represents the correction 
for geometrical loss of events in part of the stacks employed. 


The momentum spectra for the various hypernuclides show considerable 
similarity with the indication of a slight increase in the average momentum 
with increasing Z. This may be partly accounted for by the cut-off at low 
momenta mentioned above. The velocity spectra, obviously determined by 
the momentum spectra, show conversely a marked shift toward lower velo- 
cities for increasing Z. 

Table II contains the average emission energies for the various hyper- 


TapLe II. Average kinetic energy of hyperfragments from K capture. 


ive c i | 
Hypernuclei Hee oe ella, Pelle, ICE Be, BA Con 


Average energy in MeV 20.1 9.1 RSR NO 7.8 9.1 6.3 72 
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nuclides. Large fluctuations are expected for these values due to the im- 
portance of the high energy tail of the Maxwell-like HF energy distributions. 
The average MHF emission momentum for all hypernuclear species is 294MeV/c. 


42. Comparison of Li, and SLi emission spectra. — A total of 123 SLi 
(hammer tracks) were collected from the sample of K~-capture stars dealt with 
in this investigation. Their 

a , range distribution is given in 


ine | Fig. 4. As previously mentio- 
| ned, in Section 2°1, we estimate 


€ that at least 75% of these events 
Si 
SEAT 125 


A 


originate in the light elements 


of the emulsion (from the frac- 
tion of *Li with R < 21 um). 
Since the same conclusion was 
reached in the case of Li, hy- 
perfragments, a comparison of 
the range distributions of the 


Number of Li, events 


Number of "Li events 


| 
| two kinds of fragments is mean- 
r = - ca ; 
Pen ingful. Thus Fig. 4 also contains 
A IE dual | the range distribution of the 
LOIERO E ed Ses Rn = pe i ape: 

Range (pm) 50 Li, events, normalized to 
the area of “Li, The similarity 


Fig. 4. — Range distributions for Li, and Shi f e TT À : 
events, normalized to the same area. of the two distributions is ap- 


parent. 


43. Comparison of He, and He emission spectra. — In view of the likeness 
noted for the Li, and SLi spectra, it is of interest to investigate if other hyper- 
fragments show a similar behaviour relative to the «stable » fragment of si- 
milar charge. Although a direct identification of other nuclear fragments was 
not attempted here, it can be shown that the majority (~ 70%) of the stable 
prongs having k<150 um from MHF parent stars, are He nuclei. Their range 
distribution and that of He, are essentially identical, even without correcting 
the former for the background contributed by H and Z — 2 isotopes. An 
estimate of the effect of such background is however presented in the fol- 
lowing. 

The Bose contributions of H, He and heavier isotopes among the pro- 
pace of K conics i, C, N, O can be estimated on the basis of the known 
yields of such particles from + -captures in C, N, O (°°) and of the yields from 


(25) G. VANDERHAEGHE and M. DEMEUR: 


Suppl. Nuovo Ci : RG): 
P. AMMIRAJU and L. M. LEDERMAN: Nuovo ss 0 Un ta a 


Cimento, 4, 283 (1956). 
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disintegrations of C nuclei produced by 330 MeV protons (27). The nuclear 
excitation energies, for these two cases, are in fact quite comparable with the 
nuclear excitation observed in K~ captures ((30--50) MeV) (*). Thus it is as- 
sumed that H, He and heavier isotopes are emitted in K~ captures in the pro- 
portion 46%, 50% and 4% respectively. For H and He, the relative con- 
tributions in the range interval (2--150) um have been estimated on the basis 
of a phase space calculation of their energy spectra (2). The corresponding 
range spectra, for an average 4-body break-up of C nuclei, at excitation ener- 
gies of 30 and 50 MeV, are shown in Fig. 5a. The shape of these spectra so 


pere 
130 
L | 
a) PI b) 
110 30 : 4110 
SS 
90 25 ? 90% 
S — Inferred He «SÌ 
2 £ 3 
È —— W=30 MeV d Ca à 
è 20 703 
VOS ln W=50 MeV oe à 
È £ 5 
È SHIA ‘ee 
2 50 © 50-8 
a i I= 
= = 
SÌ i all = 
= 10 à 
30 430 
SL à 
o N ee ne LU 
1 Ai su a A i 
0 40 80 120 160 O 40 80 120 160 
Range(ym) Range( pm) 


Fig. 5.— a) Range spectra of protons and x-particles from a 4-body break-up of C nuclei, 
for two nuclear excitation energies. The energy spectrum is taken from phase space 
considerations as 
{ M (3N/2—4) 
r = 3 1 
P(#) dE = const | W — ——— E Ed, 
| M — m 
where W is the excitation energy neglecting binding energies, J/ the mass of the 
parent nucleus, N the number of disintegration products, E and m the kinetic energy 
and mass of the emitted fragment respectively. The spectra are normalized to an 
x/p ratio of 1/1. b) Range spectrum of He, and of the stable prongs of range < 150 um 
after subtracting for proton background on the basis of Fig. 6a and for Z > 2 back- 
ground as described in the text. The full line histogram is then attributed to He 
fragments. 


(27) W. H. BARKAS and H. TYREN: Phys. Rev., 89, 1 (1953). 
(*) The average visible energy (pions excluded) for the sample of MHF parent 
stars considered here is — 31 MeV per H, and — 28 MeV per He, parent star. 
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derived is also in qualitative agreement with the experimental data from 
x- stars in C, N, O obtained by VANDERHAEGHE and DEMEURS (74)... We-hayve 
thus subtracted from our raw spectrum (542 prongs of R<150 um) a total 
H contamination of 20%, according to Fig. 5a. In order to subtract the 
contribution of Z> 2 isotopes from the remaining spectrum, we have assumed 
for these, on the average, a range spectrum similar to the one observed for *Li. 
This correction amounts to about 10% of the events contained in the raw 
spectrum. 

The range spectrum of the stable prongs, after applying the above cor- 
rections, should therefore reproduce the He spectrum and is presented in 
Fig. 5b, together with the analogous spectrum for the He, events. The shape 
of the two spectra is again remarkably similar. 


5. — Angular correiations among the products of K -capture stars. 
The space angle 6 between the directions of emission of the MHF and asso- 


ciated pion or fast (E=>52 MeV) proton was measured for 155 events. No 
attempt was made to discriminate be- 


tween pions and fast protons for events | A norfastp ‘Li 
in stack B (45 events). A frequency ak Stack B 
histogram in units of cos@ for these ee a ee 
5 . . . iE ot Zi nr = 
events is shown in Fig. 6. As can be 1.0 0.5 0 
seen the distribution is asymmetric, the 
+ ; a; 
20 C2 norfastp Sa  = with fast p Li | 
(SUI gy with n | 
Stack B > SC Stacks A+C 
10 = SS SÒ 
a 10 0.5 0 -0.5 -1.0 
E 
=) 
9 = 
1.0 0.5 
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Fig. 7.- Distribution of the angle 0 be- 
1 OB Gr coe a 0 tween the direction of emission of Shi 
fragments and an associated pion or fast 
proton. Also indicated is the 0 distribu- 
tion for stable prongs of range < 150 um 
which were emitted from the MHF parent 
fast proton. K captures. 


Fig. 6. — Distribution of the angle 0 be- 
tween the direction of emission of the 
MHF and that of an associated pion or 
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pions and fast protons being preferentially emitted opposite to the hyper- 


fragment. 


The backwards/forward ratio B/F (backwards being the interval 


0> 90°) equals 1.8 + 0.4 for the events with associated pion, 8 + 4 for those 


with associated fast proton. For 
both protons and pions, the ave- 
rage B/F is 2.5 + 0.4. Our result 
for the B/F ratio of fast protons 
confirms previous similar observa- 
tions by SACTON (7) who found a 
value. of 7.5 + 2.5 
with H> 35 MeV. 
Analogous distributions for the 
angle 0 between pions or fast pro- 
tons and the SLi direction of emis- 
sion are displayed in Fig. 7. This 
figure also contains a histogram 
of 0 for all stable prongs with 
R<150 um emitted by the MHF 
parent stars. Some anisotropy is 
observed in the case of “Li 
(B/F =2.1+0.5 for all events) 
while the stable prongs seem to 
be emitted isotropically with re- 
spect to pions and fast protons. 
We have further attempted to 
detect possible correlations be- 
tween 0 and the pion or frag- 
ment momenta. No correlation 
among these quantities was found, 
with perhaps an exception in the 
scatter plot of 6 vs. the fragment 
momentum, given in Fig. 8a. This 
plot indicates a slight tendency 


for protons 


Momentum of hyperfragments (MeV/c) 


Momentum of 8Li (MeV/c) 


Fig. 


hyperfragment momentum. 
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8. — Plot of the angle 0 between hypertrag- 
ment and pion or fast proton momenta, vs. the 


The same for SL 
events. 


for the MHF of higher momenta to be emitted at larger 0 angles, B/F being 


2.8+0.9 for P> 300 MeV/c and 2.2 + 0.6 for P< 300 MeV/c respectively. 
analogous plot for the Li events is shown in Fig. 8b, yielding B/F = 2.2 + 


ATA 
0.3 


for P>300 MeV/c and B/F=1.6+0.6 for P < 300 MeV/c. 


6. — Primary reactions involved in MHF formation in nuclear emulsion. 


The elementary interactions which, upon K~ captures in complex nuclei 
. ? 9 
may yield A-particles «available » for HF formation, are the following: 
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(1) K-+ NY >A-+7 (direct-A production) 
(2) Le Na n TT 
SIN AIN (Z-conversion) 
(3) K-+2N = AN (direct-A from multinucleon capture) 
(4) K-42 > 54+" 
DANSAPM. 


It has been recently pointed out that a resonant state (Y*) exists for the 
Ar system (28). Evidence has been presented for copious Y* production, 
following multinucleon K~ capture in deuterium and helium (**°). It this 
isobar is also abundantly produced following K capture in heavier elements, 
one should consider together with the above reactions, as sources of A’s, the 
following processes: 


(5) K~ + nucleus — Y* + nuclear fragments 
Y*>A+n 


and possibly Y* + V—A+ WN (Y* conversion), etc. 


Several authors (31) have determined the relative frequency of occurrence 
of processes (1), (2), (3), (4) in emulsion nuclei. No re-evaluation of the emul- 
sion data has however been presented, as yet, to include reactions via Y* for- 
mation, such as reaction (5). An appreciable yield of the latter would obviously 
affect the conclusions reached so far: e.g. while the emission of a pion has 
been taken as evidence of K~ capture on single nucleons, it can be seen from (5) 
that this criterion does not hold any longer if Y* formation is allowed to play 
a role. We have not attempted here such a re-analysis of the published data 
bearing on this subject. 

In the analysis of the MHF parent stars, we tried to determine the rela- 
tive yield of hyperfragment formation following the elementary processes (1) 
through (4). The same approach as that taken by the Bern Group (#1) has 


(?*) \M. ALtson, L. W. Arvarez, P. EBeRHARD, M. L. Goop, W. GRAZIANO. 
H. K. TicHo and 8. G. Woycicki: Phys. Rev. Lett., 5, 520 (1960). 

(:*) O. Dani, N. Horwirz, D. H. Minter, J. J. Murray and P. G. Wire: Phys. 
Rev Lett., 6, 142 (1961). 

(°°) HeLIUM BUBBLE CHAMBER 
published. 


(9) Y. ErseNBERG, W. Kocu, M. NrkoL16, M. SCHNEEBERGER and II. WINZELER: 
Nuovo Cimento, 11, 351 (1959); Helv. Phys. Acta, 33, 221 (1960). 
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been adopted for the classification of the primary stars. The basis for the 
classification is, in our case, the frequency of charged pion emission, their 
energy spectrum and the frequency of occurrence of fast protons among the 
K--capture products. 

Table III contains the numbers of MHF parent stars emitting a pion, a 
fast proton (#>52 MeV), and also a pion together with a fast proton. Only 
the data from stack A are included; for this stack, the average plateau ioni- 
zation was 16.4 blobs/100 microns. 


TABLE III. — K° capture stars emitting MHP (stack A). 


Number of events with 
Number 


ot events = Lea Mii fast p 
i RASUN PA (LI PIE | 


H ypernuclide 


Hi 65 15 3 16 
He, 90 42 4 8 
Iai | 30 7 0 5 
Xx Aka Ax 10 5 (0) il 
Ad | DI 5 0 4 
Total 216 74 7 34 
o, of stars _ | 34.2 +4 3.5 3.2 + 0.9 | 15.7+2.8 


As can be seen from Table III, the parent stars of He, emit pions in 
(47 + 6)% of the cases while for the H, parent stars this fraction is (23 +6) %. 
This different yield could be the effect of a loss of faster pions from H, parent 
stars. On the other hand, the yield of fast protons associated with H, emis- 
sions is (24+ 6)% to be compared with (9+3)% for the He, parent stars. 
Since the majority of fast protons (unaccompanied by a pion) should originate 
in our case in multinucleon K~ captures, the above observed differences in 
pion and fast proton yields both indicate a rate of H, production higher than 
the rate of He, production in multinucleon captures. 

If indeed the multinucleon K--capture rate in Ag, Br is substantial, as 
suggested by the results of ALEXANDER et al. (**) the observation of a high 
multinucleon capture rate among the H, parent stars could simply reflect the 
fact that more H, than He, are emitted from the heavy elements of the 
emulsion. This is not inconsistent with the results presented in Section 2°1. 


(32) G. ALEXANDER, Y. EISENBERG, M. I*RreDMAN and D. KesseER: Proc. of the 
1960 Annual Intern. Conference on High Energy Physics at Rochester, p. 432. 
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The statistics on pion and fast proton emission for species with Z>3 18 
obviously insufficient for a discussion on the above lines. 

The overall fraction of MHF parent stars emitting a pion, including all 
species, is (34.2 +3.5)%. Although a loss of the fastest pions may affect this 
result, it is difficult to assess such a loss by comparing this values with those 
obtained by the European K collaboration (?°) and the the Bern Group (*?) 
in view of the noticeable differences pointed out for ¢.g. the parent stars of 
H, and He,. The overall fraction of MHF parent stars emitting protons of 
E=52 MeV is (15.7 +2.8)%. This number, in conjunction with the fraction 

of stars yielding a pion and a fast proton 


(3.2 +0.9)% indicates that at least ~10% 
Nr of the events arise from multinucleon K° 

2 a Z se capture (31). 
CL Dr Additional information as to the primary 
Sher | process leading to HF formation can be ob- 
i) 4 | | tained from a study of the energy spectrum 
- N of the pions emitted by the HF parent 
0 2% 40 60 60 100 120 10 stars. Such a spectrum for the 30 pions (out 


Kinetic energy (MeV) se 5 2 ie Me à <i A 
di: of 74) with dip angle <30° is shown in Fig. 9. 


13 of these pions were brought to rest in the 
stack, two of which were positively charged. 


Fig. 9. = Energy spectrum of the 
pions with dip angle < 30°, emitted 
by MHF parent stars. The un- n | . vee e a 
shaded area corresponds to those The energy of the remaining 17 pions was 
pions whose energy was determined determined from ionization measurements 
from ionization measurements. and in all cases to better than 15%. The 
average pion energy is 60.6 MeV, and the 
average momentum is 138 MeV/c. The majority of the pions have energies below 
90 MeV, the approximate lower bound of the pion spectrum from direct-A 
production (process (1) above) which is expected to peak at ~ (120—180) MeV 
On the other hand the pions from Y production are expected to peak in the 
region of 40 to 80 MeV. Thus our data can be interpreted as evidence that 
the X conversion contributes significantly to the process of HF production. 
Only a few pions can be attributed to direct-A production; the highest pion 
energy observed here is 125 MeV. Although the loss due to the low ionization 
of the stack may considerably affect the spectrum in this region, it should 
be pointed out that a large A production via Y* would have the effect of sup- 
pressing the pion spectrum at energies greater than about 120 MeV. 

In conclusion, even with our limited statisties, it can be said that all the 
elementary processes (1) through (4) seem to contribute to MHF production, 
with the additional possibility that A production via the Y* isobar may be 
present. The relative contributions of these processes may differ for specific 
hypernuclear species produced; in the average, however, | 
are consistent with those observed for à random sample of K 


these contributions 
capture stars (22:31). 
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7. — Discussion of the experimental results. 


We will attempt in this section to correlate the experimental results pre- 
sented in the preceding paragraphs with the expectation from possible models 
of hyperfragment production. The main results which have to be accounted 
for by such models can be summarized as follows: 


a) with the exception of H,, for which the production in Ag, Br may 
be important, all the other hypernuclides emerge preferentially from cap- 
tures in C, N, O; 


b) the lambdas bound in hyperfragments originate from all elementary 
processes conventionally defined as direct-A production, X-conversion and 
multinucleon capture; 


c) the momentum spectra of emission for the various hypernuclides 
present marked similarity; 


d) the emission spectra of He, and Li, are, within statistics, identical 
to those of the ordinary fragments He and SLi respectively; 


e) hyperfragments are emitted preferentially opposite to an associated 
pion or fast proton. This effect is more pronounced for the latter case. 


Although there may be several conceivable models of HF production, we 
will pay qualitative attention to two of them which explain several of the 
features noted above: 


i) a model in which the lambda created in the elementary process is 
trapped in the nuclear potential well of the nucleus in which it is produced. 
The HF emission is then a result of the subsequent nuclear de-excitation: 


ii) a model in which the hyperfragment is emitted promptly following 
the K~ or Y interaction with a group of nucleons. 


71. « Trapped-A » model. — According to this picture, the lambda which 
is produced by the K~ interaction with one or more nucleons of the capturing 
nucleus, may then be found in a bound state of the nucleus itself. Since the 
depth of the A-nucleon potential is of order (30--40) MeV (#) and since a sub- 
stantial fraction of the A’s are produced with energies lower than this value, 
one may expect this capture process to be rather frequent. The A-capture 
process is then followed by nuclear de-excitation in a time short compared 


(23) R. H. Daritz and B. W. Downs: Phys. Rev., 111, 967 (1958). 
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with the A lifetime. For excitation energies of <100 MeV (visible energy re- 
lease in MHF parent stars ~30 MeV) the de-excitation process may be quite 
different for light and heavy nuclei respectively. In fact, the observation of 
predominant HF emission from C, N, O is not surprising on the above assump- 
tions. It is to be expected that the Coulomb barrier for Ag and Br would 
suppress quite effectively the emission of multiply charged hyperfragments at 
these low excitations. For example, on the basis of the evaporation model, 
the frequency of emission of *Li is for Ag and Br, at 100 MeV, already of order 
50 times smaller than the observed frequency from a random sample of K™ 
stars in emulsion. 

On the other hand the same amount of excitation energy is sufficient to 
‘ause the complete break-up of a light nucleus such as C, N, O. The A will 
then be found among the nuclear debris, either as a free particle or bound to 
a fragment to yield a hyperfragment. | 

The system of a A bound in a «silver » or « bromine » nucleus after nuclear 
de-excitation has occurred is to all effects a heavy hyperfragment which is 
likely to undergo non-mesonic decay. In no case is a visible track expected 
to reveal the formation of such a heavy HF. 

In the framework of the present model, the energy distribution of both 
hyperfragments and ordinary nuclear fragments is expected to depend mainly 
on the excitation energy of the light parent nuclei. Neglecting specific final 
state interaction effects, the energy spectra of e.g. He, and Li, should be 
comparable to those of He and “Li respectively. This is indeed in agreement 
with the results presented in Fig. 4 and 5. In the very crude approximation 
of energy spectra determined by phase space only, it seems also possible to 
achieve a satisfactory fit with the experimental energy distributions. The 
curves of Fig. 5a, show a phase space spectrum for He fragments emitted in 
a random 4-body break-up of carbon, for excitation energies of 30 and 50 MeV. 
Such curves already bracket the qualitative features of the experimental spec- 
trum; a more detailed comparison should average the partial contributions 
from the three nuclei in question, C, N, O, as well as contain the effect of a 
variation in the excitation energy and break-up modes. The information 
available is however insufficient for such a detailed calculation. 

Another feature which can be explained by a statistical break-up of light 
nuclei is the similarity of the momentum spectra for various hypernuclear 
Species. For a given excitation energy, and for A> 4, in fact, the phase space 
momentum spectra are rather insensitive to the mass of the fragment being 
considered. This can be seen, for example, from the relation for the momentum 
corresponding to the mode of the distribution, valid for a 4-body break-up: 


Wm | i= mi. 


\ LI 


p (mode) = const: 


II be 
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where W is the excitation energy, M the mass of the parent nucleus and m 
the mass of the fragment. Furthermore, one sees that a difference, for example 
between He and Li distributions, will be smeared out when combining distri- 
butions from the break-up of all the elements C, N, O. 

The angular distributions of the emitted fragment, relative to the associated 
pion or fast proton, can partly be accounted for by assuming that the break-up 
occurs while the nucleus is in motion (#4). The prompt emission of a pion or 
of a fast proton in the elementary process of A creation, may in fact impart 
to the nucleus momenta mostly in the range (100--300) MeV/c. Fragments 
emitted isotropically in the rest frame of the recoiling nucleus will then exhibit 
in the laboratory an anisotropic distribution. This will give a backward-forward 
ratio greater than unity, for the relative direction of emission of HF and pion 
or fast proton. 

While for direct-A production (reaction (1) and (3) of Section 6) the mo- 
mentum transfer to the nucleus will, in general, be determined by the pion 
or nucleon momentum respectively, this may not be the case when the A arises 
from Y-conversion (reactions (2) and (4) of Section 6). In the latter case, 
the additional momentum transferred to the nucleus by the secondary process 
of X-conversion may in fact smear out the effect of the original momentum 
transfer from the primary process. Thus the average momentum transfer is 
expected to be smaller than the average pion or fast proton momenta observed. 
Assuming, for example, an average momentum transfer of 100 MeV/c to a 
© nucleus (velocity acquired —0.01c), and on the basis of the observed HF 
energy distributions, one would expect an average B/F ratio of ~1.8 for all 
hyperfragments. A comparable value (1.8 + 0.4) is indeed observed for the 
MHF emitted together with a pion. For much higher momentum transfers, 
such as those appropriate to the emission of fast protons at the moment of 
A creation, one also obtains a value of B/F comparable with the observations. 

On the basis again of momentum transfer to a C nucleus of order 100 MeV/e 
and of the observed energy distribution of *Li, one would expect for this 
isotope a B/F ratio of about 1.9 consistent with the observed value 1.8 + 0.4. 
For ‘He of E<18 MeV (R< 150 um) under the same assumptions, one would 
expect B/F~1.6. On the other hand, one finds B/F— 1.0 + 0.2 for the stable 
prongs of R<150 um. Although these two values are not in agreement it 
may be that the two numbers are not directly comparable because the stable 
prongs of R<150 um may contain, in addition to ‘He, a contamination of 
order 20% of H isotopes, a probable sizable proportion of *He and as much as 
10% of isotopes heavier than He. Furthermore this discrepancy would diminish 
if an average momentum transfer lower than 100 MeV/c were assumed, while 


(34) O. SEJEGGESTAD and S. O. SGRENSEN: Phys. Rev., 113, 1115 (1959). 
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still preserving an agreement, within statistics, for the MHF and ‘Li B/F 


ratios. 
We thus conclude that the «trapped-A model» accounts quite satisfac- 
torily for the gross features ot HF emission following K~ capture in nuclear 


emulsion. 


72. « Prompt-HF » model. — The possibility of such a model is suggested 


by the reaction 


K-+4‘He+‘He,\t 77, 


observed in the Helium Bubble Chamber (1°), in which, within the experimental 
errors, the total available energy is apparently shared by the two bodies. 
Additional evidence, of a somewhat less stringent nature, is provided by the 
observation of 


However it is extremely difficult to measure the total energy release in this 
case, so that one can only infer that the visible energy release is consistent 
with the one expected for two-body reactions. 

Extending this idea, it is not inconceivable that reactions of this type could 
take place within a nucleus, involving only a limited number of nucleons. 
On this basis, the hyperfragment and the pion or fast proton would be emitted 
opposite to each other, if it were not for the perturbing effect of the neighboring 
nucleons. Additional smearing of both energy and angular distributions will 
arise from the two step process of Y-production and conversion. 

The prevalent HF emission from light nuclei can again be at least partly 
explained by this picture: if the available energy (~ 170 MeV) is to be shared 
between a pion and a hyperfragment, the HF energy is already comparable 
with the Coulomb barrier for Ag and Br for *He, and will of course be smaller 
for heavier hypernuclides. Thus one can expect suppression in the emission 
of HF from heavy nuclei, following pion producing captures. One would 
expect however that K~ captures not yielding pions may contribute for some 
HF production even in Ag and Br. If the*available energy in the latter case 
(~ 300 MeV) is shared by a nucleon and a hyperfragment, practically all hyper- 
nuclear species that have been observed could be imparted energy in excess 
of the Coulomb barrier of Ag and Br. Thus this mechanism could account 
at least for some features of H, production. As already pointed out, the 
parent stars of this hypernuclide exhibit a high yield of fast protons, accom- 
panied by a low yield of pions. The lower limit of production in C, N, O could 
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only be placed at about 57%. This is some evidence that multinucleon capture 
in heavy elements contributes here, and that the above mechanism of HF 
production may well play a role (see 272). 

The similarity of the momentum spectra of different HF species, as well 
as the similarity between the spectra of HF and ordinary nuclear fragments 
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Fig. 10. — Momentum distribution of MHF from K° captures in nuclear emulsion, 


compared with the momentum spectra of free A’s from K™ captures in He (1°) and 

nuclear emulsion (3°). The MHF momentum spectra for events produced with or 

without a pion are also compared with the corresponding distributions for free A’s 
from K~ captures in He. 
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should now be examined in relation to the « prompt-HF » model. It may be 
of interest in this connection to examine also the momentum spectrum of the 
free A’s emitted following K~ captures in He and in nuclear emulsion. 

Fig. 10 shows comparison of a) the momentum spectrum of all HF°s with 
the spectrum of the free A’s from K~ captures in He (7°) and nuclear emul- 
sion (%), b) the momentum spectrum of free A’s (from He) and HF’s ac- 
companied in the capture by no pion emission and ¢) the same comparison as 
in b) for those captures in which a pion is emitted. As seen in Fig. 10, the 
momentum spectra of free A’s and hyperfragments are rather similar, in par- 
ticular if one considers the free-A data from the He experiment. The average 
A momenta expected from a single nucleon K~ capture is about 250 MeV/c, 
while is about 580 MeV from a 2-nucleon capture. In addition, the A’s from 
X- conversion may have momenta in the range (0--500) MeV/c. The hyper- 
fragment momenta from a 2-body production reaction (upper limits in the 
« prompt-HF » model neglecting momentum and energy transfer to neigh- 
boring nucleons) are surprisingly similar for all HF species and in the range 
(270280) MeV/c for emission of x and HF, in the range (700--800) MeV/c when 
the HF is balanced by a nucleon. The final state interaction with the other 
nucleons in the nucleus where the K~ capture occurs is likely to yield lower 
average values. No attempt has been made to calculate an expected mo- 
mentum spectrum; the possibility of producing HF’s by this mechanism fol- 
lowing X-conversion adds considerable complexity to the problem. The pur- 
pose of the above discussion is mainly to show that one cannot exclude, in the 
framework of the proposed model, that different hypernuclear species may 
be produced with very similar momentum spectra and that, in turn, these 
spectra may be comparable with the free-A spectrum. 

On the other hand such a model cannot satisfactorily account for two 


important features of the data. In the first place, there is lack of a strong 
correlation between the angle 0 and the HF momentum, which one would 
otherwise expect if such a production mechanism were dominant, due to the 
presence of final state interaction. As a result of such an interaction one would 
expect the HF°s of higher momenta to have been least affected before escape 
from the nucleus and therefore to be emitted at large angles with respect to 
the x or fast proton. The HF°s of lower momenta would instead have suf- 
fered secondary interactions and therefore lost their correlation with the pion 
or fast proton direction. 


(88) C. J. Mason: UCRL-9297 (unpublished); J. Bogpanowicz, A. FILIPKOWSKI. 
A. Krzywickt, E. MARQUIT, E. SERZYPCZAK, A. WROBLEWSKI and J. ZAKRZEWSKI: 
Polish Academy of Science Report no. 107/VI; BoLoGna-MUNICH-PARMA CoLLABo- 
RATION and Municu-TURIN COLLABORATION: Proc. of the 1960 Annual Intern. Confer- 


ence on High Energy Physics at Rochester, presented by K. GOTTSTEIN, p. 440. 
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Secondly, if such a model were dominant, one would not expect the close 
similarity between the momentum spectra of He,, ‘He and of Li,, SLi except 
as an accident. 

A possible further objection to such a model may lie in the fact that for 
such a mechanism the K~ would have to interact with a large aggregate of 
nucleons (e.g. Li) present within a larger nucleus. 


73. Conclusions. — The previous two models are by no means the only 
possible production mechanisms. One could, for example, conceive of the 
prompt production of an «excited HF » which subsequently dissociated . into 
the detected HF together with other nuclear fragments. Alternatively one 
may have a « pick-up » model in which a A picks up a group of nucleons when 
all are moving with small relative velocity. The discussion of the previous 
section has not been exhaustive but was mainly intended to show that many 
of the gross features of HF production may be accounted for in terms of two 
simple models with rather crude assumptions which are not however implau- 
sible. The models presented are not mutually exclusive and it is possible 
that even for a given hypernuclear species, more than one production process 
is operative. 
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RIASSUNTO 


Nel tentativo di interpretare il meccanismo di produzione degli iperframmenti, 
si sono studiate 422 stelle di cattura da K° e 13 stelle di cattura da ©”; in entrambi 
i casi tali stelle danno origine a iperframmenti che si disintegrano con emissione di un 
mesone =~ (MHF). Si sono inoltre studiate 123 stelle da K emittenti frammenti di SLi. 
Diversi criteri hanno permesso una separazione delle catture di K7 in C, N, O da quelle 
in Ag, Br. I limìti inferiori alle frazioni di MHF prodotti in €, N, 0 sono 57%, 73%, 
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84% e 94% per Hy, Hey, Li, e MHF di Z>4. Per l’*Li, tale limite inferiore è 75%. 


/ 
/ 


In totale, si ottiene una frequenza relativa di (1.054 0.05)-10-? MHF [cattura di K7 
e di (3.8+1.4)-10-° HF] cattura di XY”. Lo spettro di energia dei pioni emessi dalle 
stelle di cattura suggerisce che una frazione considerevole delle particelle A emesse 
in uno stato legato proviene da processi di conversione di iperoni X. Si è ottenuta qualche 
prova della produzione di A legate da processi di cattura di K con più nucleoni, in 
particolare nel caso dell’ Hy. Gli spettri di impulso per specie ipernucleari differenti sono 
molto simili tra loro, inoltre, gli spettri per l'He, e Li, sono comparabili rispettivamente 
con quelli dell’He e dell’8Li. Gli iperframmenti sono emessi di preferenza in direzione 
opposta a quella di emissione di un pione o protone veloce. Il rapporto indietro/avanti 
(B/F) per eventi (x, MHF), è 1.84 0.4. Si propongono due modelli per la produzione 
di iperframmenti. Secondo il primo di questi (A catturata) la A creata nel processo 
elementare viene catturata nella buca di potenziale del nucleo d'origine. L'iperframmento 
è in seguito emesso nel processo di diseccitazione nucleare. Nel secondo modello (emis- 
sione immediata), l'iperframmento è emesso direttamente a seguito della cattura di 
un Ko di un Y da parte di un gruppo di nucleoni. Si conclude che entrambi i mecca- 
nismi possono contribuire. Il verificarsi di entrambi i processi riesce a spiegare essen- 
zialmente tutte le osservazioni relative all'emissione di iperframmenti. 
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Nuclear Resonance Fluorescence in Solid “Co Sources. 
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Scuola di Perfezionamento in Fisica dell Università - Roma 


(ricevuto il 19 Luglio 1961) 


Summary. -—- As well known, the compensation required for restoring 
the resonant conditions can be performed by means of the motion that 
the emitting nucleus might have as the result of one or more preceding 
transitions. Nuclear resonance cross-section in 5Co solid sources exhibits 
a strong dependence from the mean life of the second excited level of °° Ni, 
from which start the 1.17 MeV y-rays involved in the compensation. 
A simple model in which the attenuation is related to this mean life is 
described. Analysing the experimental results obtained by us with a 
solid 6°Co source the second level mean life turns out to be <5:10-12%. 
This procedure seems to allow mean life estimates concerning a level 
leading, through a cascade, to the ground state, any time a situation 
similar to the 5Co— Ni decay occurs. 


1. — Introduction. 


It is well known that nuclear resonance fluorescence studies cover many 
fields of research. Lifetime measurements in ranges not attainable with elec- 
tronic methods (t,<10~™s) can be performed by this technique. 

Among the compensation methods employed for restoring the resonance 
condition, the simplest is that using the motion that the emitting nucleus 
might have as the result of one or more preceding transitions. This method 
has been successfully employed by several authors (1) under the obvious con- 
dition that at least a fraction of the y-rays is emitted before the compensation 


(1) E. PorrarD and D. E. ALBURGER: Phys. Rev., 74, 926 (1948); M. ScnoppEr: 
Zeit. j. Phys., 144, 476 (1956); N. A. BurGov: Soviet Phys. JETP, 6, 502 (1958); 
E.R. Merzepr: Prog. Nucl. Phys:, 7, 53 (1959). 
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be destroyed by the collisions of the recoiling nuclei with the surrounding source 
material. When employing this technique, a gaseous source is generally more 
convenient than liquid or solid ones because it is characterized by longer col- 
lision times. Further the shape of the emission line is easier to evaluate for 
gaseous sources. The knowledge of this shape is requested because the cross- 
section of the process is proportional to the fraction of +-rays emitted in the 
energetic region of the absorption line. 

In liquid or solid sources the collision times are of the order of 107 to 107s; 
therefore only if the mean life of the studied level is <10°™s a reduced res- 
onance effect can still be observed. The attenuation effects appearing in 
liquid or solid sources are always more complex than those in gases; anyway 
self-absorption experiments (*) can avoid the need to evaluate them. The 
experimental difficulties introduced by the above-mentioned attenuations have 
been overcome by OFER and SCHWARZSCHILD (5) who employed strong radio- 
active sources and drastic shieldings. In all the cases studied by the authors 
the compensation was due to only one preceding decay; for tT,~10°™s they 
obtained cross-sections by about a factor fifty smaller than those corresponding 
to gaseous sources. 

The mean life of the first excited level in Ni (1.33 MeV) has been meas- 
ured by many authors employing gaseous sources. In this case both the re- 
coils due to the B-decay of ‘Co and to the 1.17 MeV +-transition are required 
in order to attain the correct Doppler shift. METZGER (*) measured a cross- 
section of = 3:107% cm? and a mean life 7,=(1.14+0.2)-10-1* s, Bureov (*), 
found T,= (1.0 + 0.3) -10-!2 s, AKKERMAN et al. (9) obtained t, = (1.14 + 0.37)- 
1G tans 

Liquid Co sources have been also employed. Katpoy and SHUBNYI (7) 
have found a cross-section o —1.76-10 * em? to which corresponds à colli- 
sion time of about 5:10 11%. 


The collision time for Co solid sources is about hundred times smaller 
than the measured mean life. Further in Co the energy losses due to col- 
lisions take place all along two recoil processes. The y-ray fraction satisfying 
the resonance conditions is strongly reduced and the resonance effect is there- 
fore not easily detectable. In this case an attenuation bigger than those 


(*) F. R. MerzGER: Phys. Rev., 110, 123 (1958); S. OreR and A. ScHWARZSCHILD: 
Phys. Rev., 116, 725 (1959). 
(5) S. OFER and A. SCHWARZSCHILD: Phys. Rev. Lett., 3, 384 (1959). 
(4) I. R. MerzeER: Phys. Rev., 103, 983 (1956). 
(°) N. A. Buraoy, Yu. V. TERECcHOv and G. E. BrzINA: Soviet Phys. Jit P.O. 
1146 (1959). | 

(9) K. AKKERMAN, D. K. Karrov and Yu. K. SHUBNYI: quoted in (°). 

(7) D. K. Karpov and Yu. K. SuauBNYI. Soviet Phys. JETP, 12, 615 (1961). 
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found by OFER and SCHWARZSCHILD is expected; tentatively one can expect 
a cross-section of the order of 3:10-%:(1/50)?—10-% em (see Section 8). 

A very interesting characteristic shown by the particular compensation 
processes occurring in solid or liquid Co sources is the strong dependence of 
the attenuation from the mean life of the second excited level from which 
start the 1.17 MeV y-rays involved in the compensation. In order to take 
advantage of this fact we have developed a simple model in which the atten- 
uation is related to this mean life. Analysing the experimental results ob- 
tained by us with a solid Co source it appears that the second level mean life 
has a magnitude T,<5:107!° s. This procedure seems to allow mean life esti- 
mates concerning a level leading, through a cascade, to the ground state, any 
time a situation similar to the Co — Ni decay oceurs. 


2. — Experimental results. 


The experimental set up is shown in Fig. 1. A Co solid source (2.8 C) 
was employed. The measurement consisted in comparing the y-intensities 
scattered respectively by Ni and Cu plates both 0.85 em thick. The surface 
intercepted by the y-beam was 
— 200 em?. The mean scatter- scatterer 
ing angle was about 120°. The 
scattered y-ray spectra, examined 
by means of a 200 channel pulse- 
height analyser are shown in 
Fig. 2 and 3. The contribution 
to the 1.33 MeV peak due to 
elastic scatterings (RAYLEIGH and 
THOMSON) is by an order of mag- 
nitude bigger than that due to 
the resonance fluorescence (differ- Fig. 1. — Schematic diagram for experimental 


ence between curves in Fig. 2 arrangement. 

and 3). In the 1.17 MeV region 

the main contribution is due to the elastic scattering; the difference between the 
curves in this region is chiefly due to the Compton edge of 1.33 MeV resonant 
peak. A rather intense peak due to 1.46 MeV “K y-rays is also shown. This peak 
clearly appears also in the inferior curves (Fig. 2 and 3), representing the back- 
ground spectra obtained without the scatterers. By subtracting the back- 
ground one obtains the curves a and b of Fig. 4 showing the y-ray spectra 
scattered by Ni and Cu. The curve e is the difference between the two supe- 
rior curves a and b. The intensity of the y-rays scattered by Ni and Cu are 
respectively (356 + 6) and (323 + 6) photons per hour as a result of two sets 
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of measurements. The resonant effect turns out to be bigger than the dif- 
ference between the above quoted values (33 +9) because it 1s partially 


300 


Ni scatterer 


Counts per hour 
n 
oO 


1.10 1.20 1.30 1.40 1.50 1.60 
Energy (MeV) 


Fig. 2. — Upper curve: spectrum of y-rays scattered by a Ni target. Lower curve: 
spectrum without the scatterer. The 1.46 MeV peak is due to K. 


masked by the bigger elastic scattering in Cu. The corrected difference is 
(40 + 9) photons/hour. 
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Fig. 3. — Upper curve: Spectrum of +-rays scattered by a Cu target. Lower curve: 


spectrum without the scatterer. The 1.46 MeV peak is due to #K, 


The resonant scattering cross-section can be deduced by comparison with 


the elastic scattering cross-section in Cu, whose magnitude turns out to be 
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(1.01 + 0.43)-10- cm? from our exper- | | a:Ni 
imental data (1.33 MeV and 0 —120°). 50! | c.diference between 
The latter cross-section can also be de- | | agita 


rived from the results of CINDRO and 
ILAKOVAC (8) employing an 


Hi 
[en] 
© 
ce 
D 
Counts per hour 


dependence according to the explicit 
Franz formula (*). In this way one ob- 
tains (1.07 +.32)-10-% em?. Averaging 


the above results one gets 1 12 13 4 
Energy (MeV) 
dol" Fig. 4. — Curves a and b: spectra of 


(9 = 120°, E, = 1.33 MeV)= 


v-rays scattered by Ni and Cu (back- 
ground subtracted). Curve c: difference 
= (1.05 + 0.25) -10-3 em? . between o and b. 


dw 


From this values and from the ratio 1.10 + .03 between the scattered inten- 
sities one has (*) 


dox _ 
ONRF (9 — 120°) = (0.49 + .13)-10-® cm? : 
do 
do W4 | 
OxRF = idiota —. (8.9 + 2.4)-10-® em?. 


dw W(120°) 


The theoretical angular correlation W(9) employed in the above formula was 
calculated by assuming a 0° +27-07 transition. 


3. — Interaction between the recoiling nuclei. 


Some authors (#1!) have schematized the recoil phenomena by assuming 
that all the collisions take place at a distance À from the initial position of the 
radioactive atom. The atom can freely recoil as far as it reaches the surface 
of a sphere of radius À where it looses all its energy (absorbing hard sphere 
model). In resonance phenomena characterized by a single decay compen- 


(8) N. CINDRO and K. Inakovac: Nucl. Phys., 5, 647 (1958). 

(9) W. Franz: Zeit. f. Phys., 98, 314 (1935). 

(*) In the calculation the following data were employed: fraction of resonant atoms 
in Ni=0.262; ratio between atomic densities in Ni and Cu—1.082. 

0) K. Iragovac: Proc. Phys. Soc. (London), A 67, 601 (1954). 
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sation one can assume that the recoil velocity should be exactly v = E_|Me 
i.e. the velocity required for the compensation. Then the time interval effective 
for the emission of a resonant y-ray is t,= R/v; all the y-rays emitted after 
t. do not contribute to the process. These arguments were employed by the 
above-mentioned authors in order to take into account the effect of the col- 
lisions by introducing into the theoretical cross-section the attenuation factor 
expert THIS procedure is not a realistic one. In fact the model 
implies that the recoil velocity keeps constant along the whole path FR and then 


suddenly drops to zero. In practice in solid sources, before the drop, the veloc- 
ity decreases continuously as long as the recoiling atom gets away from its 
equilibrium position (11). Therefore the compensation conditions can be satis- 
fied only by nuclei with an initial speed equal or bigger than v at the 
instant in which they reach this velocity. The model is still appliable if the 
following conditions are fulfilled: a) the velocity behaviour can be considered 
linearly decreasing with the distance from the equilibrium position; b) a ra- 
dius À can be defined in correspondence of which the velocity suddenly drops; 
c) the emission spectrum can be considered nearly constant in the energy 
interval available for the compensation. For liquid sources similar consider- 
ations are required; the attenuation phenomena are now dependent upon 
the mean free path and the interaction laws with the surrounding nuclei. 

For Co the above-mentioned considerations must be modified. In 
fact the total recoil is released in two distinct steps by the B-decay and 
by a first y-transition with a mean 
life 7,,. The probability that the 
second y-transition, with a mean life 


T,,, Can give rise to the resonance 


depends on 7, as already pointed 


Yi 
out. In order to evaluate such a de- 
pendence we have extended the ab- 
sorbing hard sphere model to ‘Co. 


Let rer 


vw? Ty, % Bb, y and y 
be respectively the three recoil mo- 


Fig. 5. — Recoil momenta and angles re menta taken away by the “Ni nu- 
quired in order to describe the Co decay. 


clei in their successive decays and 
the four angles characterizing the 
à AC ne R m Pear à LATE a 2 
process (Fig. 5). I hen we can express the Doppler energy increment AE, of 
the second y-ray in terms of the nuclear recoils Li EROI Tdi 
(2 Nixes 


| das i 
AT aa Ky, (Hy, cos B + rg cos «) 


. 


(“) J. B. GIBSON, A. N. GoLanp, M. Miccram and G. H. VINEYARD: Journ. Appl. 
Phys. 30, 1322 (1959). 
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where m, and M are respectively the masses of electron and the recoiling nucleus; 
energies and momenta are expressed in m,c? and m,c units. In order to take 
into account the interactions ee the recoil velocities one can introduce 
an attenuation function “/(r,,%, 8, y) expressing the probability that the 
Doppler increment AZ, reaps ee until the second y-ray is emitted. 
Now let P(r,) be the distribution function of the nuclear recoils due to the 
B-decay and W (cos) the y,-y, angular correlation. Then the attenuated cross- 
section can be written in a general way: 


MAX 
TA 2x 


‘|P re) LoL finie 


0 


O0 V (nl, 
(1) OFRN = Rr. 


Sb _ 
= (Hy, + E, cos 8 + re cos «)| sin B , 


fu (cos p).A(rg, &, By y eo’ U A, 


0 


where J, is the level width concerning the second y-ray and À, is the Doppler 
thermal width at the scatterer ek ‘ature. In the present hypothesis one 
can easily calculate the .7(r,, a, B, y 


SITR 
(2) Ars, % By y) = is A exp [—At] {1 — exp[—Aaglra, 2, By ps t)]} at, 
0 i 
where 
M 1 
Set ; Regia a TE; 
mec ALTE, 
g(re, x, BP, py, t) = = Pas [— (ré + reL,, cos y)t + 
DM Li ra + Hy, + 27TÆ,, cosy 
Cioe re GLEE Fon Fy coe 
is i pe + = 
E To : 1/ K., r 
cosy = — cosa [= + — cos a) + sin a cos y | 1 “ini + cosa 
nat A Ya ani ANG 


Substituting in (1) the exponential function with a Dirac 6-function, one gets 


i Piss 0.476 2 
ie Ji 7 5, 


3) Orrxn = ae - ; 
(8) E, D, °m 8 
where 
n TI 27 
/ Pod 
5 = (Ho i Tg 
i = sin a: da- Wi=°+<-cosa)P(rg)drgf (rg, «, p) dy. 
3) J fea Yl aya 
(Ey, an Ex, sia 
KE | max ) ean 
TS > cos x 


p 
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The angle 6 has been eliminated through relation cos B=—(L,,/H,, + €08 r,/H.,)- 
The numerical factor 0.4762/8 comes out from the normalization of the various 
probability functions. The triple integral, %, has been numerically evaluated 

by the «Istituto per le Applicazioni del 
0.40 Calcolo » of the « Consiglio Nazionale delle 
Ricerche ». For Co under the conditions 
R<10A and 2, of the same order of 
magnitude or less than À, one can write 


I) 


0,30 


0.20 I=ZASA, IU), 
where 
0.10 _ Sdy, 
ig 
yn ? È È 
9 1 i 3 ra The graph representing J(u) is shown in 
0 2.0 30 0 I I & LL 
Fig. 6. - Graph of Z(u) introduced Hig G. 
in eq. (4). The cross-section attenuation cannot 


be anymore expressed by the factor 
A==(1—exp[— t,/T,,]) ~ (1/7.,)(R/v) (see the beginning of the this paragraph). 
In the present case as it can be easily calculated from eq. (3) and from the 
knowledge of the corresponding cross-section obtained for CA UE a, By Di 
one can write 


(4) A= I(u)-10-11 


TT 


which can roughly be thought of as the product of the two attenuation factors 
DI AIN a (DI 
(L/t.0)-(R/t,0). 


4. — Conclusions. 


The above discussed model can be applied to the experimental results 
already reported above. In order to evaluate t,, from (4) it is necessary to 
estimate the collision radius R. In the simple case concerning only one are 
ceding decay the À values found by OFER and SCHWARZSCHILD lie between 
1 and 3 A. In the present case the absorption line lies on the rapidly decreasing 
part of the emission line. The nuclei possessing an initial speed higher tne 
the compensation value are very few; therefore the fraction that can give 
rise to the compensation at a distance R will be correspondly low. The enti ‘al 
cases must be described introducing a collision radius Fame than that 
found by OFER and SCHWARZSCHILD. For 5°Co one can obtain a superior limit 
for t,, introducing a radius R—2 A obtained by averaging OFER and 
SCHWARZSCHILD’s data. The limiting value is therefore T Co We 

Yi n 
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have disregarded the possibility of employing Karpoy and SHUBNYTs data 
because the nuclear resonance fluorescence in liquid sources is complicated by 
molecular phenomena which further attenuate the cross-section. The uncertainty 
in recoiling mass evaluation, the possible excitation of the molecular degrees 
of freedom, the difficulties in evaluating the proper mean free path, the pos- 
sible persistence of the velocity after the first collision are reasons which reduce 
the possibility of obtaining reliable estimates of Ty, from (4). Our Tops estimate 
is in agreement with the results obtained by electronic techniques (©), but 
seems to be lower than the values suggested by the systematics of nuclear 
level (1.0774, to-L0=2*'s); 

In conclusion, a close connection seems to exist between the attenuation 
and the mean lives Ty and we If ve has à value sufficiently bigger than the 
collision time such à connection can be easily studied; inversely if the mean 
lives are known the above connection can give information on some structural 
properties of the employed source. 


The authors wish to express their gratitude to Dr. WoLF GROSS of the 
« Istituto per le Applicazioni del Calcolo » of the « Consiglio Nazionale delle 
Ricerche » for having evaluated the triple integral A. 

Thanks are due also to Dr. M. CHIARA RAMORINO of C.N.E.N. for having 
carried out part of the measurements. 


(2) Z. Bay, V. P. Henry and I. McLERNON: Phys. Itev., 97, 780 A (1954); 97, 
561 (1955); M. R. LemMER and M. A. GRACE: Proc. Phys. Soc., A 67, 1051 (1954); 
C. F. COLEMAN: quoted by W. D. ALLEN and P. A. EGELSTAFF: Nature, 175, 1027 (1955). 


RIASSUNTO 


Com'è noto, la compensazione necessaria per ripristinare le condizioni di risonanza 
può essere ottenuta sfruttando il rinculo lasciato ad un nucleo in seguito ad uno o più 
decadimenti precedenti. La sezione d’urto di risonanza nucleare nelle sorgenti solide 
di Co presenta una forte dipendenza dalla vita media del secondo livello eccitato del 
60Ni da cui partono i raggi y da 1.17 MeV partecipanti alla compensazione. Si descrive 
un semplice modello in cui l’attenuazione viene espressa in funzione di questa vita 
media. Analizzando i risultati sperimentali da noi ottenuti con una sorgente solida 
di 5Co si deduce per la vita media del secondo stato eccitato un valore inferiore od 
uguale a 5-10-12 s. Questo procedimento permette di effettuare stime di vite medie 
per i livelli che decadono allo stato fondamentale attraverso una cascata, ogni qual- 
volta sia verificata una situazione analoga a quella del decadimento $°Co-S0Ni. 
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Monte Carlo Calculations on Interactions 
of 300 MeV Protons with Carbon. 


E. ABATE, G. BELLINI, E. FIORINI and S. RATTI 


Istituto di Fisica dell Università - Milano 
Istituto Nazionale di Fisica Nucleare - Sezione di Milano 


(ricevuto il 2 Agosto 1961) 


Summary. — Monte Carlo caleulations on interactions of 300 MeV protons 
with carbon nuclei have been performed by means of a Remington Rand 
Univac U.T.C. electronic computer. In the first part ot the calculations 
nuclear cascades of collisions on bound nucleons were studied. The same 
calculations were then repeated with the assumption that each cascade 
nucleon has a non-zero probability (30% and 40%) of colliding with 
an «-cluster instantaneously formed inside the nucleus. The treatment 
of the cascade was carried out with both the assumptions of a Fermi 
and of a gaussian distribution of nucleon momenta inside the nucleus. 
The results obtained were the percentages of cascades as functions of 
the number of collisions and of the number and nature of fast second- 
aries, the angular and energy distributions of the fast secondaries, and 
the excitation-energy distributions of the residual nuclei. The comparison 
of the results of the calculations with the few available experimental 
data gives the best agreement if the hypothesis of the existence of clusters 
inside the nucleus is adopted. The assumption that the momentum 
distribution of the nucleons is gaussian leads to absurd results concerning 
the energy spectrum of fast secondary nucleons and the spectrum of 
excitation energies of the residual nuclei. If, instead, one assumes a 
Fermi momentum distribution, the calculated spectra are reasonable and 
in agreement with experimental data. 


Introduction. 


According to the mechanism proposed by SERBER (1) the interaction of a 
high-energy proton (100 MeV) with a complex nucleus can be separated 
into two stages: a fast stage and a slow evaporation stage. In the fast stage 


(1) R. SERBER: Phys. Rev., 72, 1114 (1947). 
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the particle initiates a cascade of nucleon-nucleon collisions inside the nucleus; 
fast neutral ané charged particles are emitted. During the evaporation stage 
the nucleus, excited by the cascade, loses its energy through a process very 
similar to the evaporation that occurs in low-energy nuclear reactions. The 
energies of the evaporation prongs are exponentially distributed, with a neg- 
ligible percentage of nucleons emitted with energies greater than 30 MeV. 
If a prong has an energy less than 30 MeV, it is impossible to decide by 
experimental observations whether it was emitted during the fast or the ss 
stage of the interaction. 

The fast part of the interaction can be described as follows: the incoming 
particle penetrates some distance into the nucleus and collides with a nucleon: 
each of the two partners of the collision either undergoes a further collision or 
escapes from the nucleus. This cascade process gives rise to the emission of 
a number of charged and neutral particles. 

If this energy of the incoming particle is high enough, each of the colli- 
sions in the cascade can be studied classically because the wave lengths of 
the cascade nucleons are small with respect to the nuclear radius. In other 
words it is possible to define, in a classical sense, a trajectory of the incident 
and struck nucleon inside the nucleus. In addition the range of nuclear forces 
is small in comparison with the collision mean free path of the cascade nucleons; 
this makes it possible to consider the interaction as formed by many single 
collisions. The assumption of this model of the interaction (Goldberger mod- 
el (?)) seems to be reasonable enough, in the limits of the impulse approxi- 
mation, at least for high-energy (>100 MeV) incoming nucleons (?). 

Several authors have studied interactions of protons with energies between 
100 and 2000 MeV with nuclei ranging from 2’Al to 288U (48). 

They used the Monte Carlo method to make a statistical investigation of 
the development of the cascade according to the Goldberger model. The cal- 
culated results seem to be in good agreement with the experimental ones, at 
least as far as nuclear transparency, distribution of various interaction types 
and angular distribution of the fast emitted protons are concerned. J. COMBE (8) 
extended the Monte Carlo calculations to high-energy (340 MeV) nuclear inter- 
actions on light nuclei (C, N, O); but the results obtained are in disagreement 


) M. L. GOLDBERGER: Phys. Rev., 74, 1296 (1948). 
) C. F. CHEW and G. C. Wick: Phys. Rev., 85, 636 (1952). 
4) G. BERNARDINI, E. T. Boots and S. J. LINDENBAUM: Phys. Rev., 82, 307 (1951); 
85, 826 (1952); 88, 1017 (1952). 
) G. C. Morrison, A. MuiraEAD and W. G. Rosser: Phil. Mag., 44, 1326 (1954). 
) H. McManus, W. T. SHarp and H. GELLMAN: Phys. Rev., 93, 924 (1954). 
7) N. Merropouis, R. Bivins, M. Storm, A. TurKkevitcu, J. M. MILLER and 
G. FRIEDLANDER: Phys. Rev., 110, 185 (1958). 

(8) J. ComBE: Suppl. Nuovo Cimento, 3, 182 (1956); Ann. de Phys., 13, 468 (1958). 
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with the experimental data (#1). In order to explain the discrepancies COMBE 
introduced the cluster hypothesis of CÜER and COMBE (11); according to these 
authors the cascade nucleons could collide on clusters of the type *H, °H, 
‘He, ‘He temporarily formed inside the nucleus. The effect of collisions with 
clusters would be expected to be appreciable only in interactions with light 
nuclei, where the cascade is likely to consist of one, two or three collisions. 
In heavy nuclei the more numerous collisions with single nucleons dominate 
the picture, especially as the momentum transfer in collisions with clusters 
is generally small. Thus information concerning the existence of clusters can 
be obtained only from results on interactions in light nuclei. 

Combe’s calculations show qualitatively that the existence of clusters affects 
the angular and energy distributions of the emitted particles in the sense sug- 
gested by the comparison with experimental data. 

The existence of clusters inside the nucleus has been confirmed recently 
by experimental results on the direct emission of «-particles and deuterons in 
interactions of high-energy nucleons (121%). Obviously, to interpret these re- 
sults we must assume that the clusters have a non-zero mean life (1). Other 
experiments seem to confirm the cluster hypothesis indirectly: MCKEAQUE (7%) 
found the same number of backward grey tracks in light and heavy nuclei 
of nuclear emulsion struck by 950 MeV protons; WILKINSON (!°) noticed a 
considerable percentage of Y° emitted without pions in stars from K° ab- 
sorption in complex nuclei. Both these results can be easily interpreted on 
the basis of the existence of clusters. 

Owing to the contributions that the existence of clusters could bring to 
the knowledge on the structure of nuclear matter, we thought it would be 
worth-while to apply, by means of an electronic computer, the Monte Carlo 
method to the analysis of high-energy nuclear interactions in light nuclei. 
Specifically, we chose to investigate collisions of 300 MeV protons with carbon 
nuclei. In the first part of this paper we discuss the nuclear model, and the 
parameters used in the calculations. In the next section calculations on pure 


) J. Come: Journ. de Phys. et Rad., 16, 445 (1955). 
(19) E. FIoRINI and S. Rarrr: Nuovo Cimento, 14, 961 (1959). 
(1!) M. CieRr and J. Compu: Compt. Rend., 240, 1527 (1955). 
(12) M: CUER and A. SAMMAN: Journ. Phys. et Rad., 19, 1, 13 (1958). 
) L. AZHGIREY, I. K. Vzorov, V. P. ZrELOv, M. G. MESCHERYAKOV, B. S. Nu- 
GANOV and A. P. SHABUDIN: Soviet Phys. JETP, 6, 911 (1958). 


(5) M Q. Barton and J. H. Smirn: Fhys. Rev., 110, 1143 (1958). 

(*) VE I. OSTROUMOV and R. A. Kinov: Soviet Phys. JETP, 10, 3, 459 (1960). 

(16) Vv. I. OSTROUMOV, N. A. PERFILOv and R. A. FiLov: Soviet Wd (SP Os Ue eas 
1 (1961). 

(7) Yu. I. SEREBRENNIKOV: Dissertation, Leningrad Polytech. Inst. (1959). 

(CO) ME da CKEAQUE: Proc. Roy. Soc., A 236, 104 (1956). | 

(9) D. H. WILKINSON: Phil. Mag., 4, 215 (1959). 
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nucleon-nucleon cascades are described; calculations for collisions partly against 
clusters are reported in Sections 3 and 4. In the last part of the paper the 
calculated distributions, namely the percentages of the various types of inter- 
actions, the angular and energy distributions of fast secondary particles and 
the distributions of excitation energy in residual nuclei are discussed in com- 
parison with the experimental data. 

Obviously the use of a statistical model for interactions in light nuclei is 
a quite crude approximation; we think however that this approximation is 
justified by the difficulty of working out a more suitable nuclear model. Our 
results should be compared with more complete experimental data than the 
present ones; we hope that such a comparison, together with the hypothesis 
of collisions on clusters, will provide a starting point for the development of 
a more refined model. 


1. — Nuclear model and parameters used for the computations. 


In a first treatment of the problem a completely degenerate Fermi nuclear 
model was adopted. As itis well known, according to this model the nucleus 
consists of a completely degenerate gas of nucleons contained in a spherical 
potential well whose depth can be obtained by adding the binding and the 
Fermi energies for a nucleon and then subtracting from this sum the Coulomb 
energy for protons. Values of 7.5, 21 and 3.5 MeV were assumed for the 
binding, maximum Fermi and Coulomb energies respectively. For the nuclear 
radius we assumed R=1.35-10-™ A? according to the recent data by SETH (?°) 
on low-energy neutron scattering. In the initial part of the calculations we 
consider the interaction to consist purely of a cascade of nucleon-nucleon 
collisions; later on we introduce the hypothesis that collisions with clusters 
occur in a proportion of the cases. 

The Pauli principle, which forbids all those collisions in which one or both 
of the secondaries have an energy lower than the Fermi energy, has been 
applied. Moreover we took into account that a cascade nucleon leaving the 
nucleus with an energy lower than 30 MeV is experimentally not distinguishable 
from an evaporation prong; therefore the calculation stops for all those second- 
aries leaving the point of collisions with an energy lower than the well depth 
increased by 30 MeV. These secondaries cannot give rise to further collisions 
with secondaries distinguishable from evaporation nucleons. 

The interaction mean free path in nuclear matter has been calculated using 
the values of the total scattering cross-sections o,, and o,,, obtained by METRO- 


(20) K. K. SetH: Rev. Mod. Phys., 30, 442 (1958); Can. Journ. Phys., 37, 1199 (1959). 
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POLIS et al. (?) from experimental data. It should be noted that the cross- 
section o. obtained by METROPOLIS is in good agreement also with the more 
| Da È i np . E, ie dre Va . 4 
recent experimental data of FOWLER et al. (2!). The differential CTOSE-BSCHLONS 
in the center-of-mass system have been calculated by means of the following 
relation (7): 


do 


Von co 


K(A cos! 6 + B cos?6+1), 


where K is an interaction constant and A and B depend on the type of col- 
liding particles and on the energy available in the center-of-mass system. 
The interaction mean free path of a nucleon .N in nuclear matter is given by 


ak ies ele ER 
( si | À Nes | Ap N da N 


We calculate |1/Z,|y and |1//,|, starting from the relativistic invariant 
reported by M°LLER (27); one has 


ZEN Sin 6 
(AB) 7 = ns foutent Nu PF dé, 

MAL, \2 a 

a ; _ Sind 
(1.4) dia ni[oy(v—uP—|v/u 2) : = OU 


where all the combinations can be obtained by putting i=p, j=n or i=n, 
j=>p; the vectors v and u are the velocities of the incoming and target nucleon, 
respectively, in the laboratory system and » is the density of protons or nucleons 
inside the nucleus. If one indicates as f the velocity of the incoming nucleon 
(in units of the velocity of light), as £,, the average velocity of a Fermi gas 
nucleon before the collision and as f, the velocity of the incoming particle with 
respect to the target nucleon, one has 


Li P > of > sin 0 
DI =| {moulBr) + 1; 0;;(B,)} |1 + — — 2 Pa così — P,, sin? 6 a dé , 
|A x 


2 ) 
i 7 di 
0 


(21) J. L. Fowzer and J. E. Brorcey: Rev. Mod. Phys., 28, 103 (1956). 


(2°) C. MOLLER: General property of the characteristic matrix in the theory of elementary 
particles, in Kgl. Dan. Videnskab. Selsk. (1946). 
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where n, and n; must be changed during the cascade to take into account 
the nucleons that leave the nucleus. The change of 2, vs. the energy of 
the incoming proton is shown in Fig. 1. 


A A(10 cm) 
al 
n | 
3 
2b 
1 1 ; ; È : | E (MeV) 
0 50 100 150 200 250 300 350 ni 


Fig. 1. 


It should be noted that formulae (1.3) and (1.4) have a general validity; 
the expression o[|v—u|?—|v/u|?]* reduces to the monomial B,o(B,), used by 
METROPOLIS, only if v and w are parallel. The Pauli principle has not been 
taken into account in the calculation of the interaction mean free path; it 
will be shown that this principle can easily be applied to each single collision 
of the cascade. 

The angle < between the directions of motion of the incident and target 
nucleon (forward direction: à < 90°) is distributed according to the following 
spectrum: 

sin? 


Or Hd 0,0 2(0-) 4 OOO (OA |?) da, 


Li 


where k can be equal to è or 7 and ò,,=1 if k=7 and dò, =0 if k71. In 
(1.6) we used as wu the average velocity of the nucleons inside the nucleus. 
The spectrum (1.6) for 7-7 collisions is reported in Fig. 2 for, incoming particle 
energies of 50 and 300 MeV. 

The type of target nucleon (proton or nucleon) is selected on the basis of 
the ratio M=|1/A,|/{1/A,| given by (1.3) and (1.4), where 7; has been cal- 
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culated taking into account the number of nucleons struck in the preceding 
collisions. The change of the ratio M for a proton is shown, as a function of 


energy, in Fig. 3. 


Ms; . 
o10! F() normalized Fe 
} 07! 
0.08 
06! 
0.06! 
| 05! 
0.04! 
È 04} 
0.02; 
02! E (MeV) 
0° 20° 40° 60° 80° 100° 120° 140° 160° 180° 0 100 200 300 350 
Fig. 2. Fig. 3. 


According to the Fermi distribution the density of nucleons is constant 
in phase space for energies lower than the Fermi energy, and drops to zero 
for higher energies. Therefore the momenta p of the struck nucleons have been 
selected at random out of a spectrum: 


3 
(det) de=f>= dpi 


max 


where dP is the probability that a nucleon have a momentum between p 
and (p+dp). 

In the second part of the calculations the Fermi distribution has been sub- 
stituted by a gaussian distribution (2%) of the nucleon momenta on the basis of 
the analysis of HENLEY (%) and WoLFF (?) and according to the experimental 
data obtained by CLADIS et al. (28) for carbon nuclei. 

The random selection of the target-nucleon momentum has been obtained 
out of a distribution 


1 
(1.8) A P' —_. PL ax 
sai P* exp 


D: 
ipa 
> pr 


where « corresponds to an energy of 19.3 MeV. 

The application of the exclusion principle is quite difficult in this case 
because the energy levels are not completely occupied. We calculated there- 
fore, for each level, the ratio between the probabilities that the level be oc- 


(2°) K. A. BRUECKNER, R. J. EDEN and N. C. Francis: Phys. Rev., 98, 1445 (1955). 
(24) E. M. HENLEY: Phys. Rev., 85, 204 (1952). ; 

(25) P. A. WoLFFr: Phys. Rev., 87, 434 (1952). 

(2) J. B. CLapIs, W. N. Hess and B. J. Moyer: Phys. Rev., 87, 425 (1952). 
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cupied or not in a gaussian distribution. This ratio has been assumed to be 
equal to the probability that the collision be forbidden at that energy: the 
forbiddeness of the collision is decided at random, using this ratio. 


2. — Details of the calculations for pure nucleon-nucleon cascades. 


The Monte Carlo analysis of pure nucleon-nucleon cascades was carried out 
according to the block diagram shown by the solid-line part of Fig. 4. The 
interaction was reconstructed through the following steps: 


1) A cartesian co-ordinate system (0xy2) with origin in the center of 
the nucleus and ¢-axis oriented along the direction of motion of the in- 


START 


Primary parameters 
(energy, direction) 
established, 


a 
Cascade started: 
point of entry into 
the nucleus chosen, 


A new distance of travel 
is calculated starting from 
the point of the forbidden 
I n = collision. 
Point of collision 
determined. 


The parameters of one 
particle and the coordi- 


Parameters of the target 
nucleon (type: p, 23 mo- 


Calculation of the para- 
meters of the partners 
of the collision (velocity, 
direction). 


nates of the point of col- 
lision are stored, the 
other particle is followed. 


mentum, direction) are 
chosen. 


iY 
Is the point of 
collision inside 
the nucleus? 


On one nucleon, 


I 
I 
I 
| 
I 
| 
Yes I 
I 
Ù 
I 
| 
I 
| 


On a cluste 


I 
I 
! I 
| I 
| I 
| r = 
(esa Mo dela SIATE [le te callin 
ters of the nucleon after . 
di = the collision (velocity, di- Joan une outgoing nucleon = Ep 
URALI nucleon? rection, type). Yes is followed. | 
I No | 
1 
| 


A new distance of travel 
for the nucleon is calcu- 


A new stored 
particle is se- 
lected and fol- 


Is any stored 
particle left? 


lated starting from che 
point of the forbidden 
collision, 


Is the number of 
studied cascades 

equal to the 
prefixed one? 


A new 
cascade is Fg 
started. 


coming nucleons is fixed. The a- and y-co-ordinate of the point of entrance 
into the nucleus are selected at random from a uniform distribution between 
— R and À, where À is the nuclear radius; the condition x? + y2< R? is checked 
and the corresponding ¢-co-ordinate calculated. 
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2) The distance of travel d of the particle inside the nucleus is calculated 
by means of the relation 


d 
£ ~——Iné, 
(251) 3 


where È is a number chosen at random from a uniform distribution between 


Ofand 1, and À is given by (1.5). 


3) The position of the collision is examined to see if it is inside or 
outside the nucleus. If it is outside, a new stored cascade particle is selected 
(see step 9); if no more cascade particles are left in the storage, a new inter- 
action is initiated starting again from step 1. If the point of collision is inside 
the nucleus, the calculation goes on to step 4. 


4) The charge of the target nucleon is chosen on the basis of the ratio M 
defined in the preceding section. 


= 


5) The momentum of the target nucleon is chosen according to the 
integral distributions calculated from (1.7) and (1.8) for a Fermi or a gaussian 
distribution, respectively. 


6) The angle à between the directions of motion of the incoming and 
target nucleons is chosen out of the integral distribution calculated from (1.6). 


Fr 


7) The dynamics of the collision are calculated relativistically in the 
center-of-mass system, using a cartesian co-ordinate system with z-axis oriented 
along the direction of motion of the incoming particle. The directions of 
motion of the two outgoing particles are determined in polar co-ordinates 0 
and g. The former of these angles is selected out of an integral probability 
distribution obtained from (1.1), the latter out of an uniform distribution in 
the interval 0 to 27. All the co-ordinates are then transformed back to the 
laboratory system. 


8) The charge of the two outgoing nucleons is established. If the in- 
coming and the target nucleons are of a different type a random choice is made 
to know which, out of the possible two, is the direction of motion of the proton 
and of the neutron. 


9) The Pauli principle is applied. If forbiddeness results the computer 
forgets the collision and a new distance of travel from the point of collision 
is calculated, going directly to 2). If the collision is allowed the data of one 
of the two particles are stored and those of the other one are sent to 2), to 
follow its further history. 


Random numbers must be selected out of a uniform distribution between 
0 and 1, in order to establish the various parameters of the calculations. These 
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numbers have been generated through the congruential method (27), which 
seems particularly simple and suitable to our purpose. According to this 
method we multiplied by 10-! the numbers of the sequence: 


(2.2) Anis = A,M (modulus 101), 


where 4,:, and A, are 10-figure integral numbers. As it is well known in 
number theory the operation (2.2) means: the number A, of the sequence 
is multiplied by the fixed factor M; the number A,,, is given by the last 
10 figures of this product. The number M = 7992538801 has been used as 
fixed factor. In order to check the reliability of this method 10000 numbers 
generated in this way were analysed: they turned out to be uniformly distrib- 
uted between 0 to 1 within statistical deviations. 

The quantities which were not uniformly distributed, were selected in the 
following way. If a is the quantity that must be selected and f(a) is the cor- 
responding normalized distribution function let us consider the quantity P 
given by 


a 


O dar 


0 


D 
de 
TD 
| 
3 
I 


where P has a value between 0 and 1. The random selection of a can be done 
by sorting a value P out of an uniform distribution between 0 and 1 reversing 
the function F(a) at the value P. The following method was employed when 
the function F(a) was impossible or too difficult to be inverted: two numbers 
N, and N, were selected independently from a uniform distribution in the 
interval 0 to 1. The number N, was multiplied by the maximum value of a 
and N, by the maximum value of f(a): the two values so obtained define a 
point in the a/f(a) plane. If this point happens to be below the curve f(a) 
the product of N, by the maximum value of a is assumed to be a random 
selected value of a; otherwise the selection of N, and N, is repeated until the 
above mentioned condition is fulfilled. 

Non-relativistic calculations on pure nucleon-nucleon cascades were carried 
out before starting the relativistic treatment. In this way the reliability of 
the program, especially as far as the random selections were concerned, was 
checked and comparison with non-relativistic results of other authors per- 
formed. Following this, all the calculations were carried out relativistically ; 
only relativistic results will be considered in the following sections. 


(27) Simposium on Monte Carlo Method, University of Florida (1954). 
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3. — Nuclear model and parameters for collisions on clusters. 


The treatment of cascades involving collisions on clusters requires the use 
of new assumptions concerning the nature of clusters, for the results of experi- 
ments and of calculations carried out so far are very vague and do not lead 
to a definite and detailed model. 

For this reason we thought it would be reasonable to perform the calcu- 
lations with very naive assumptions; our only task is to examine the changes 
in the distribution of the characteristics of the fast secondary nucleons, which 
occur when the hypothesis of collisions on clusters is introduced. It seems to 
us that calculations on a more detailed model will be worth-while only when 
more complete experimental data have become available. The only type of 
clusters we considered were «-particles. 

This simplifying assumption is reasonable for a first model because the 
probability of a cluster of a given type being formed inside the nucleus increases 
very sharply with its binding energy (8); the «-particle therefore seems to 

be the most probable one. The momentum as well as 
da/dQ(mb/sr) c.m.s. the effect of possible further collisions of the struck 
clusters have been neglected. The calculations were per- 
formed assuming probabilities of 30°, and 40°, for 
collisions on clusters. These values were chosen both 


280 
240 
| do/d2 (c.m.s.) 


200 


160 


1204 


0 10° 20° 30° 40° 50° 60" 70% 


Fig. 6. 


(28) A. WILDERMUTH and C. KANELLOPOULOS 
(23 Giugno 1959). 


: Theoretical Study Division, CERN-59 
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on the basis of the percentage suggested by other authors (*?9) and from 
our own results. The distributions of CHAMBERLAIN et al. (8°), SELOVE and 
TERM (*') and EISBERG (82) were used to determine the differential cross-section 
for proton-x collisions (Fig. 5). The neutron-alpha differential cross-section was 
obtained from the data of TANNENWALD (85) (Fig. 6) for energies between 
40 and 90 MeV and from the function calculated by HEIDMANN (84) 


do 


Bell) 
eo) dQ 


= 4.5 exp [—7.8607]-10-*5 cm?/sr, 


for higher -energies. 


4. — Details of calculations for cascades with nucleon-cluster collisions. 


The block diagram of our calculations on cascades formed by nucleon- 
nucleon and nucleon-alpha collisions is shown by the dotted-line part of Fig. 4. 
Only the further history of the nucleon is followed in collision on clusters, 
because only the data on secondary nucleons will be compared with the experi- 
mental results. 

The position of the point of collision is determined in the same way as 
for pure nucleon-nucleon cascades. The type of collision is then determined 
by means of random selection on the basis of the probability assumed for 
collision on clusters. The calculations for collisions with a nucleon are per- 
formed in the same way as in Section 2. If the collision happens to be against 
a cluster: 


a) The dynamics of the collision are calculated and the angles 0 and 
determined. The former is selected from a probability curve based on the 
distribution functions reported in the preceding section; the latter from a 
uniform distribution. 


b) The exclusion principle is applied to the collision. If the collision is 
allowed the further history of the secondary nucleon is followed, if the col- 
lision is forbidden the calculations are repeated, starting from the point of 
collision. 


The calculation on cascades with collisions on clusters have been carried 
out both for a Fermi and for a gaussian momentum distribution. 


\ Beh eHOepsONe Nich W2his., 8, 1001958); 

) O. CHAMBERLAIN, E. SEGRE, R. Tripp, C. WIEGAND and T. YPSILANTIS: Phys. 
Rev., 96, 807 (1954); 102, 1696 (1956). 

) W. SeLove and E. J. M. Trrm: Phys. Rev., 112, 1658 (1958). 

) R. EisBERG: Phys. Rev., 102, 1104 (1956); Bull. Am. Phys. Soc., 1, 19 (1956). 

) P. E. TANNENWALD: Phys. Rev., 87, 205 (1952); 89, 508 (1953). 

) J. HEIDMANN: Phil. Mag., 44, 444 (1950). 
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5. — Results on fast cascade secondaries. 


The calculations were carried out by means of an electronic. computer 
(Remington Univac U.T.C.). The standard treatment of the cascade according 
to each of the various hypotheses involved about one-thousand interactions. 
The obtained data will be discussed by investigating how the various assump- 
tions affect the results, and by comparison, when possible, with the available 
experimental data. 


51. Number of collisions. — The distributions of the numbers of collisions 
per cascade are given in Table I. 


Taste I. — The cascades percentage according to their number of collisions. 


| | x i 
| Vy J COMBE (es OO LEONA | 40% e, MGR c | G7309, cc.) G40 tne 
| (%) | (%) | (%) | (So) (6) (%) (%) 

re 60 | aver? 040 66 42.16 40.45 40.62 43.83 
2 | 30 20435 26.40 DAI DADS 25.40 22.78 
3 | 10 16.76 15.47 13.38 14.26 15.03 14.56 
4 | — | 9:60-— | 8.37 8.70 8.95 8.37 9.18 
5 — | 5.92 | 6.91 Seul 10.99 10.56 9.65 
iN number of collisions; 


I’. 0% c.: Fermi distribution without clusters (1050 events). 
| I. 30% ¢.: Fermi distribution (30 % probability of collision on cluster, 1 520 events): 
EF, 40% c.: Fermi distribution (40% probability of collision on cluster, 1520 events); 
G. 0% c.: Gaussian distribution without clusters (1100 events): 
G. 30% ¢.: Gaussian distribution (30 % probability of collision on clusters, 1050 events): 
G. 40% @.: Gaussian distribution (40 % probability of collision on clusters, 610 events). 


These results refer to zero, 30 and 40% probabilities for collisions on clus- 
ters, with both Fermi and gaussian distributions of the nucleon momenta. 
The percentages obtained do not seem to be noticeably affected by the dif- 
ferent assumptions. One should note, however, the remarkable disagreement 
between our percentages and those assumed, a priori, by COMBE on the basis 
of qualitative considerations of CÜER and ComBE (11). We conclude that the 
usual assumption of considering an interaction with a light nucleus as formed 
by a single collision is not realistic. For the sake of completeness the per- 
centages of cascades formed by different numbers of collisions for events with 
one or two charged prongs are reported in Table II. The results of Table II 
also show that it is unjustified to assume that only one nucleon-nucleon col- 
lision took place if there is only one outgoing fast prong. The process giving 
rise to the single fast secondary cannot, therefore, be treated as an elastic 
nucleon-nucleon interaction. 
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[ani 2 a 1 ñ he A » 
TABLE II. — Cascades percentage formed by different number of collisions for events with 


bo 


one or two charged prongs. 


| | 


Cascade | G. 0% c. na DEA IRIS LEO MINZIOOO ls GeO PTS 


type Mao) (%) (%) (%) (%) (%) 
(p; p'kn) 46.65 44.8 50.9 50.15 49.8% “| 1053/00 | 
(p; 2p'kn) 30.03 32.9 VANO) 21.89 DR 20160 | 
| 
(p; p'kn) 27.85 28.2 24.6 25.82 27.5. 20 4233600008 
(p; 2p'kn) 25.60 28.7 IDRO 24.89 24.3" | 20.60 
(p; p'kn) 12.66 13.5 1353 13.43 11.9 12.60 
(p; 2p'kn) LOR 19.8 21.6 19.74 19.1 {aly 0) 
(p; p'kn) 6.87 8.1 6.1 5.97 5.9 6.20 | 
(p; 2p'kn) 12.97 11.6 13.9 12.02 1756 M GP LIO 
(p; p'kn) 5.97 5.4 Del 4.63 4.8 | 4.50 
(p; 2p'kn) | 14.68 7.0 11.1 | --21.46 16.9 21s 92:90 


number of collisions; 
Gaussian distribution without clusters (1100 events); 
Fermi distribution without clusters (1050 events); 


Gaussian distribution (30 % probability of collision on clusters, 1050 events); 
Fermi distribution (40 % probability of collision on clusters, 620 events); 


(6 
e 

. 30% c. Fermi distribution (30 % probability of collision on clusters, 1080 events); 
€ 
€ 


. 40% c. Gaussian distribution (40% probability of collision on clusters, 610 events). 


It seems worth-while to point out that the percentage of collisions on clusters 
in a cascade is not equal to the probability that an individual collision shall 
take place with a cluster; this is shown in Table III. 


Tape III. — Cascades percentage according to their number of collisions with clusters. 
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oS 


© 


G. 


30% c.: 


Goll % er: 


| 


F. 30% e. F. 40% e. G. 30% e. ln G.409% €. 
(%) (%) (%) (%) 


43.94 43.94 30.39 30.39 40.42 40.42 30.96 30.96 


41.97 |] 46.85 | 44.35 | 46.45 | 
1 1 C0 Hao os 11.68 | 15.17 | 
1.67 56.06 4.02 |} 69.61 2.30 |} 59.58 5.21 |} 69.04 | 
1.18 | RAC LE 0.86 | tae 6 | 
0.10 | 0.26 | HM OIS8 0) 0.59 | | 


number of collisions on clusters; 
Fermi distribution (30% probability of collision on clusters, 1080 events); 


Gaussian distribution (30°, probability of collision on clusters, 620 events); 
Gaussian distribution (40% probability of collision on clusters, 610 events). 


( 
F.40% c.: Fermi distribution (40 % probability of collision on clusters, 1050 events); 
€ 
( 


+ 
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: ld a 
52. Percentage of the various types of interactions. — In Higa 
calculated frequency distributions of cascades with various number of charged 


: q ° È 9) « n 
secondaries together with the experimental results of COMBE (*) and our 


we give the 


49/0 


70] 


60} 


501 


40 


30r 


20 


Fig. 7. — Percentage ot various interaction types. 
a) —— Fermi distribution without clusters (979 


Gaussian distribution without clus- 
ters (1070 events); experimental data (1). 
b) — Fermi distribution (30°, probability of 
collision on clusters, 1012 events); 


events); — 


- Gaussian 
distribution (30°, probability of collision on clus- 
ters, 1049 events) ; @ experimental data. e) —— 
Fermi distribution (40% probability of collision 
on clusters, 632 events); 


Gaussian distribu- 
tion (40% probability of collision on clusters, 
700 events); è experimental data. 

L 


selves (1). It can be seen that the results of the calculations are very sensi- 
tive to the assumption concerning the presence of clusters, and that they 
clearly favour the cluster hypothesis. More exact quantitative conclusions 
cannot be drawn with confidence, but we are tempted to say that the assump- 
tion of a Fermi momentum distribution with a 40% probability of collision 
on clusters gives the best agreement with the experimental data 


920 


9 


MONTE CARLO CALCULATIONS ON INTERACTIONS ETC. 221 


The percentages of cascades as functions of the numbers of their neutral 


and charged secondaries are reported in Table IV; no experimental data are 
available, so far, for comparison with these results. 


TABLE IV. Cascades percentage according to the number of their neutral and charged 


secondaries. 
| es | 


Cascade PROC PRG: | G. 0% c. 


| F. 30% c. | G. 30% ce. | F. 40% c. | G. 40% è. 
type (%). = hee (%) (%) (%) (%) (%) 
(Op, in) |) 1164 | (11423 10.01 8.48 8.17 8.23 
(Op. 2n) 3.88 | 3.65 2.28 2.57 2.50 2.37 
(Op, 3n) | 0.61 | 0.37 0.1 0.2 0 0.32 
(1p, On) 21.75 | 20.13 39.04 | 37.56 46.97 42.24 
(1p, In) 29.42 | 26.873 24.58 22.28 20.66 21.83 
(ip,2n) | 3.47 | .449 | 2.18 2.86 | 1.97 2.06 
Ta 31 ee Cr 0 | 0.187 0 Ne ostina 0.16 
| | 

(2p, On) 18.69 | 17.51 15.85 15.16 14.08 14.56 
(2p, In) ag 1 #706 3.87 5.82 421 5.22 
(2p, 2n) (Na CE Og hove Leta 0 0.95 
(2p, 3n) 0.2 | 0.37 0 0.2 0 0.16 
(3p, On) | TEES! RCE EUR VONT ER Di Be 1.05 0.95 
(3p, ln) sik |) Thee | 0.3 008600 0.39 0.95 
(3p, 2n) 0.1 0.562 0 0.1 0 0 
(4p, On) 0.1 0.37 0.1 0 0 0 
(4p, In) | 0 0.09 0 0 | 0 0 
(4p, 2n) | 0.09 0 HS 0 yi 0 


HO" Fermi distribution without clusters (979 events). 

+. 0% G Gaussian distribution without clusters (1068 events); 

F. 30% c.: Fermi distribution (30 % probability of collision on clusters, 1039 events); 
G. 30% e.: Gaussian distribution (30 % probability of collision on clusters, 1049 events); 
F.40% € Fermi distribution (40% probability of collision on clusters, 760 events): 

G. 40% € Gaussian distribution (40 % probability of collision on clusters, 760 events). 


53. Angular distributions of charged secondaries with respect to the primary. — 


The angular distribution of the outgoing proton with respect to the primary 
particle is reported in Fig. 8 for interactions with a single charged secondary 
prong. Obviously the introduction of collisions on clusters increases the prob- 
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bi 
bo 
bo 
be 


i 1 0 7 4 € at: 10 

ability of small angle secondaries. Comparison with our experimental data (1°) 

1a 1 q ne ‘ rai 0/ 

again favours the hypothesis of collision with clusters, and again the 40% 
> D 


level of the probability of collision with à cluster seems to provide the best fit. 


A%o 


%o 


b) 


a iS 


L TT ES 1 1 n hi == a - — 
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Fig. 8. Charged secondaries’ angular di- 

stribution with respect to the primary for 

interactions with a single charged second- 

ary fast prong. a) — Fermi distribution 

without clusters (490 events); -—— Gaussian 

distribution without clusters (551 events); 

è experimental data (19). b) —— Fermi di- 

stribution (30%, probability of collision on 

clusters, 661 events); ——— Gaussian di- 

stribution (30°, probability of collision on 

clusters, 687 events); $ experimental data. 

€) — Fermi distribution (40°, probabi- 

lity of collision on clusters, 430 events); 

— Gaussian distribution (40% probabi- 

A lity of collision on clusters, 400 events); 
: è experimental data. 


It should be noted that there is very little difference between the calculated 
histograms for Fermi and gaussian momentum distributions, respectively. 
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The angular distributions, with respect to the primary, of the charged ont- 
going particles in interaction of any multiplicity are shown in Fig. 9. 


NESS 
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Fig. 9. — Charged outgoing particles angular di- 
stribution with respect to the primary in inter- 
actions of whatever multiplicity. a) —— Fermi 


distribution without clusters (833 events); — — — 
Gaussian distribution without clusters (910 events). 
b) —— Fermi distribution (30% probability of 
collision on clusters, 890 events); — — — Gaussian 
distribution (30°, probability of collision on clus- 
ters, 937 events). c) -—— Fermi distribution (40% 
probability of collision on clusters, 400 events); 
——— Gaussian distribution (40%, probability of 
collision on clusters, 430 events). 


54. Angular distributions of neutral secondaries. — Angular distributions of 
neutral secondary particles for events with a single prong and events with any 
multiplicity are reported in Fig. 10 and 11 respectively. No comparison is 
possible, so far, with experimental data. 
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Fig. 10. - Neutral secondary particles’ angular distribution, with respect to the primary, 


for events with a single prong. a) Fermi distribution without clusters (840 events); 
--- Gaussian distribution without clusters (810 events). b) —— Fermi distribution 
(30°, probability of collision on clusters, 830 events); -—— Gaussian distribution 
(30%, probability of collision on clusters, 850 events). c) —— Fermi distribution 
(40°, probability of collision on clusters. 400 events); ——— Gaussian distribution 


(40%, probability of collision on clusters, 


450 events). 
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Fig. 11. — Neutral secondary particles’ angular distribution, with respect to tke pri- 
mary, for events with whatever multiplicity. a) Fermi distribution without clusters 


(970 events); -—— Gaussian distribution without clusters (950 events). b) — Fermi 
distribution (30% probability of collision on clusters, 950 events); —- - — Gaussian 
distribution (30% probability of collision on clusters, 480 events). e) — Fermi 
distribution (40% probability of collision on clusters, 490 events); —-—— Gaussian 


distribution (40% probability of collision on clusters, 480 events). 
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Fig. 12. — Distribution of 
angle between the two 
charged prongs in two 
charged secondaries events. 
a) Fermi distribution 
without clusters (246 events). 
(57+ 5)% events: < 90°; 
——— Gaussian distribution 
without clusters (286 events). 
(55+ 4)% events: < 90°. 
b) Fermi distribution 
(30% probability of collision 
on clusters, 214 events). 
(55+ 5)% events: <90%; 
——— Gaussian distribution 
(30% probability of collision 
on clusters, 236 events). 
(BTE) events: <= 9072 
e) —— Fermi distributrion 
(40% probability of collision 
on clusters, 134 events). 
(O72216) 95 events: One 
--- Gaussian distribution 
(40% probability of colli- 
gv sion on clusters, 131 events). 
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55. Distributions of the angle between the two charged prongs in events with 
two charged secondaries. — The distributions of the angle formed by the two 
protons in interactions in which two fast charged secondary particles are 
emitted are given in Fig. 12. Combe’s calculations on pure nucleon-nucleon 
cascades give for these angles a gaussian distribution with a maximum at 90°. 
A small shift of the maximum towards small angles seems to appear in our 
calculated distributions: the various assumptions on clusters and on the mo- 
mentum distributions do not seen to affect noticeably the percentage of angles 
lower than 90°. 


This shift can be accounted for by relativistic effects which, at 300 MeV 
primary energy, are counteracted somewhat by the variation of the collision 
probability with angle shown in Fig. 2. It is worth pointing out that at lower 
energies there would be an even more pronounced forward collimation because 
the collision probability then depends quite strongly on the angle (Fig. 2). 

The percentages of events with angle lower than 90°, reported in Fig. 12, 
agree with the value 68 +12 obtained experimentally (1). 


6. — Excitation energy of residual nuclei and energy distribution of fast secondaries. 


The excitation energies H#,,. of the residual nuclei were calculated by means 
of the following expression (7): 


(64): (ihe ENS 


where Æ,; is the energy of the incoming particle (in the laboratory system), 
T° is the energy of an outgoing cascade particle (in the laboratory system), 
E,, and E,, are respectively the energy of neutron and of proton secondaries, 
n, and n, are the numbers respectively of neutron and of proton secondaries. 


We subtracted 1 from n, in order to take into account the energy gained by 
the primary particle when entering the nucleus. 


61. Fermi momentum distribution. — The spectra of nuclear excitation 
energies for a Fermi distribution of nucleon momenta inside the nucleus are 
shown in Fig. 13. The average excitation energies E, are (39 + 0.8) MeV, 
(28 +1) MeV and (22 + 1.2) MeV for zero, 30% and 40% probability of col- 
lision on cluster respectively. 
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Fig. 13. — Nuclear excitation energies distribution. a) 


— Fermi distribution without 
clusters (978 events); ——— Gaussian 


distribution without clusters (970 events). 
b) —— Fermi distribution (30% probability of collision on clusters, 950 events) ; 
—--- Gaussian distribution (30% probability of collision on clusters, 930 events). 
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E. E. Gross (*°) obtained esperimentally the average value (27-+5) MeV 


by bombarding carbon nuclei with 190 MeV protons. When comparing with 
the present results, one should keep in mind that the Monte Carlo calculations 


toy, 


=70 150 “120 —=90 60) 11-0 0 30 60 90 120 iS0M70 


Fig. 13. — Nuclear excitation energies distribution. €) —— Fermi distribution (40% 
probability of collision on clusters, 758 events); ——— Gaussian distribution (40% 
probability of collision on clusters, 700 events). 


of McManus, SHARP and GELLMAN (5), have shown that the average excitation 
energy increases only slowly with increase in primary energy (less than twice 
for 5 times increase of the primary energy); therefore this comparison also 
confirms the validity of the clusters’ hypothesis. The energy spectra of Fig. 13 
resemble maxwellian curves with maxima between 5 and 10 MeV for pure 


(8) E. E. Gross: Bull. Am. Phys. Soc., 2, 14 (1957). 
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nucleon-nucleon cascades and between 0 and 5 MeV if interactions on clusters 
are considered. This shift of the maximum seems reasonable if one remembers 
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that collisions on clusters give rise to a lower energy dissipation in the nucleus. 
The excitation energy spectra for interactions of different type, as (p, p), (p, n), 
(p, 2p), (p, pn) and (p, 2n) are shown in Fig. 14 and 15; the corresponding 
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Fig. 15. — Nuclear excitation 
10 energy distributions for interac- 
tions of the type: —— (p, pn); 


MR) en ana 
a) Fermi distribution without 


clusters. b) Fermi distribution 
(30% probability of collision on 
clusters). ¢) Fermi distribution 
E (MeV) (40% probability of collision 


200 2h on clusters). 
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average excitation energies are given in Table V. The energy spectra of fast 
secondary prongs for various angles of emission are shown in Fig. 16; these 
distributions are discussed below in comparison with those obtained with a 
gaussian distribution. 
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Tage V. — Average nuclear excitation energies. 
| Interaction type 1, OK, Ce F. 30% ¢. | F. 40% €. 
a ee Gs * ri | 
for all types 39.00 28.00 22.00 
Ip | 39.11 | 17.19 12.16 
2p | 32.16 24.13 22027 
lp In 31.84 26.81 24.11 
In | 36.09 32.20 | 2671 | 
2n 59.50 45.79 59.76 | 


F. 0% c.: Fermi distribution without clusters. | 
F. 30% €. Fermi distribution (30 % probability of collision on clusters); 
F. 40% e.: Fermi distribution (40 % probability of collision on clusters). 


62. Gaussian momentum distribution. — Calculations based on a gaussian 
distribution of the nuclear momenta (2*-2%3*42) were carried out taking into 
account the Pauli principle in the way described in Section 1. The kinetic energy 
distributions of fast outgoing nucleons are shown by the dotted curves of Fig. 16. 
We note that, both for the Fermi and for the gaussian distribution, the mo- 
momentum spectra of fast secondary prongs are noticeably affected by the 
existence of clusters only at small angle of emission (< 30°) of the outgoing 
particle. This is quite reasonable if one takes into account that even if the 
cluster hypothesis is adopted most of the interactions with a wide-angle sec- 
ondary are against a nucleon (see Section 53). The small-angle momentum 
distribution and, to a less extent, the overall distribution of Fig. 16 show that 
the hypothesis of clusters favours interactions with small loss of energy of the 
proton to the nucleus. | 

Let us now take into consideration the effects of Fermi and gaussian distri- 
butions on the curve of Fig. 16; the two assumptions do not lead to very dif- 
ferent results if one considers that parts of the spectrum corresponding to ener- 
gies of the secondary which are quite different from those of the primary 
particle. The effect of the gaussian distribution in this region of the spectra 
is essentially to smear out the two peaks given by the Fermi distribution at 
the beginning and at the end of the spectrum (small and wide angle of emis- 


(%) J. HADLEY and H. York: Phys. Rev., 80, 345 (1950). 

(#7) L. AzHGIREY, I. K. Vzorov, V. P. ZRELOv, M. G. MESCHERYAKOV, B. S. NE- 
GANOV and A. F. SHABUDIN: Soviet Phys. JETP, 38, 1185 (1952). 

(38) C. RICHMAN and H. WiLcox: Phys. Rev., 78, 496 (1950). 

(*) J. WiLcox and B. MoyER: Phys. Rev., 99, 875 (1955). 

(40) J. McEven, W. Gipson and P. Duke: Phil. Mag., 2, 231 (1957). 
(4!) L. S. AZHGIREY, I. K. Vzorov, V. Pi ZRELOV, M. G. MescHERYAKOV, B. S. NE- 
GANOV, R. M. Rympin and A. F. SHABUDIN: Nucl. Phys., 13, 238 (1959) 

(4) W. SeLove: Phys. Rev., 101, 231 (1950) i 
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sion, respectively). The experimental data of CLADIS et al. (%) obtained at 
angles of 30° and 40° cannot give us any help in the choice of the model; in 
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Fig. 16. — Energy spectra of fast secondary protons for different angles of emission. 


I: Fermi distribution without clusters; — — — Gaussian distribution without clusters. 
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fact they agree with the curves obtained with both the Fermi and the gaussian 
distributions, with and without clusters. The Fermi and gaussian distributions 
affect the high-energy left end of the spectra in Fig. 16 in strikingly different 
ways; however the curve calculated for a gaussian distribution extends to 
energies of the secondary higher than that of the primary. In this case, clearly, 
the nucleus can lose its excitation energy during the fast part of the inter- 
action by transferring energy to the cascade particles. In fact, owing to the 
incomplete filling of the lowest levels, a struck nucleus can transfer energy to 
a cascade particle by jumping into a lower level. 

The possibility of a bombarding particle gaining energy in its passage 
through the nucleus seems quite disturbing to us; it could perhaps be checked 
with an appropriate experiment. Much more disturbing are the consequences 
of the gaussian distribution on the excitation energy spectra (Fig. 13). Here 
the difference of the curves obtained on the basis of the two models are more 
noticeable, the tail at negative excitation energies is quite pronounced and 
the mean excitation energy is near to zero, both for pure nucleon-nucleon 
cascades and for cascades with collisions on clusters. This result is obviously 
absurd and in complete disagreement with the experimental data (3°). 

Therefore, while the gaussian model gives no better agreement with some 
experimental data than the Fermi model, it leads to aïsurd conclusions as far 
as other data are concerned. 


7. — Conelusions. 


On the basis of the results of our calculations we conclude that: 


a) The angular distributions of the charged secondaries with respect to 
the primary and the percentages of cascades of different types are very sensi- 
tive to the hypothesis of collision on clusters. On the other hand they do not 
seem to be much affected by different assumptions on momentum distribution 
of the nucleons. The best agreement between the experimental angular and 
size distributions of the disintegration stars is obtained with a Fermi-type 
momentum distribution of the nucleons and with the assumption that the prob- 
ability of a cascade particle colliding with an «-particle cluster within the 
nucleus is of order of 30 to 40%. 


b) The distribution of the angle between the two secondary protons in 
interactions with two fast secondary particles is not sensitive to the assumptions 
made concerning the momentum distributions or the probability of collisions 
with clusters. For all these assumptions it seems that angles less than 90° 
are more probable; this can be accounted for, at least for high energy, by rela- 
tivistic effects. 
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c) The energy spectrum of the fast secondary nucleons is quite sensitive 
to the cluster hypothesis only for secondaries with small angles of emission, 
and is very strongly affected by the type of momentum spectrum assumed 
when the energy of the secondary is near to that of the primary. The choice 
of hypothesis also (Fermi or gaussian distribution) strongly affects the exci- 
tation energy spectra of the residual nuclei; here the gaussian distribution 
leads to quite absurd results, as a fairly high percentage of interactions with 
negative excitation energy results in a mean excitation energy near to zero. 
The existing experimental data on the energy distributions of fast secondaries 
do not allow us to decide between a gaussian or a Fermi distribution of nuclear 
momenta; but the nuclear-excitation-energy spectra obtained with the former 
are in complete disagreement with the experimental data. 


> OK OK 
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RIASSUNTO 


Si sono studiate in questo lavoro le interazioni di protoni di 300 MeV di energia 
su nuclei di carbonio applicando un metodo di Montecarlo a mezzo di una calcolatrice 
elettronica Remington Univae U.T.C. In una prima parte dei calcoli si sono studiate 
cascate costituite solamente da interazioni nucleone-nucleone; successivamente si sono 
studiate le interazioni assumendo che ciascun nucleone della cascata avesse una pro- 
babilità diversa da zero (30% e 40%) di urtare contro una sottostruttura x, formatasi 
istantaneamente in seno al nucleo. La trattazione della cascata è stata svolta sia sulla 
base di una distribuzione alla Fermi, che di una distribuzione gaussiana delle quantità. 
di moto dei nucleoni in seno al nucleo. I nostri risultati si riferiscono alle percentuali 
delle cascate distinte in base al numero delle collisioni ed alla natura dei secondari 
veloci uscenti, alle distribuzioni angolari ed energetiche dei nucleoni veloci, alle energie 
di eccitazione dei nuclei dopo la cascata. Il confronto dei risultati dei nostri calli 
coi dati sperimentali è in accordo con l'ipotesi di esistenza di sottostrutture in seno 
al nucleo. L'assunzione di una distribuzione gaussiana delle quantità di moto dei nu- 
cleoni porta a risultati assurdi nelle distribuzioni delle energie di eccitazione dei nuclei 
e delle energie dei secondari veloci. Se invece si assume una distribuzione alla Fermi 
gli spettri che si ottengono sono ragionevoli ed in accordo con i dati sperimentali. 
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Summary. — The statistical model in nuclear reactions has been developed 
extensively in the past decades, mainly by V. Wetsskopr. However 
a clear understanding of the experimental situation regarding low and 
medium energy nuclear reaction is not yet settled. The interpretation 
is complicated by the fact that often the reactions proceed via other 
mechanisms, for instance direct effects. In the present work an attempt 
is made to show the possibility of explaining a certain group of nuclear 
reactions with a statistical model. The experiments discussed refer to: 
a) resonance measurements for slow neutrons; b) energy spectra of 
particles emitted in the reactions (n, p) and (n, n’) and (p, n) for incident 
energies ranging between 4 and 16 MeV; c) cross-sections of (n, p) and 
(n, n’) at 14 MeV. From the set of experiments discussed it is possible 
to obtain a consistent table of the a parameter of nuclear level density 
formula. 


1. — Introduction. 


The statistical model for nuclear reactions, developed especially by WEISS- 
KOPF (1), describes one of the basic mechanisms of nuclear reactions at low 
and medium energies. 


(*) This work has been supported by the « Consiglio Nazionale delle Ricerche ». 

(**) Borsa di studio del « Consiglio Nazionale delle Ricerche ». 

(1) F. FRIEDMAN and V. Weissxopr: Niels Bohr and the Development of Physics 
(London, 1955), p. 155. 
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The statistical formulation contains as a main term the expression of {the 
nuclear level density. In fact the energy spectra of protons, neutrons “and 
æ-particles emitted in medium-energy reactions are directly related, through 
the statistical formulae, to such level densities. 

An independent source of knowledge for nuclear level densities are the 
measurements of slow neutrons resonances. In a number of papers that ap- 
peared in recent years the neutron resonances and various nuclear reactions. 
have been analysed under the statistical point of view (1%). However, the 
various parameters that enter the model and the field of validity of the model 
itself are still not well defined. The purpose of the present paper is to try to 
bring into one picture the conclusions obtained from the various experiments; 
the experiments discussed refer particularly to: 


a) the measurements of the total cross-sections for slow neutrons in the 
resonance areas of about 110 nuclei, 


b) energy spectra of particles emitted in the reaction (n, p) (n,n’) and 
(p, n), for incident energies ranging between 4 and 16 MeV (56 spectra), 


c) cross-sections of (n,p) and (n,n') reactions at 14 MeV energy for 
medium and heavy nuclei (32 aud 33 nuclei, respectively). 


2. — Nuclear level density. 


The most used formula representing the density of nuclear levels has been 
introduced by BETHE (1?) and is based on the «equidistant spacing model » 
of the nucleus. 

This formula has been also developed by other authors (*') and here we 
report the formula as used by LANG and LE COUTEUR ($). 


(2) N. O. Lassen and N. 0. Roy PULSEN: International Conference on Low-Energy 
Nuclear Physics in Paris (July 1958). 

(3) T. D. Newton: Can. Journ. Phys., 34, 804 (1936). 

1) A. G. W. CAMERON: Can. Journ. Phys., 86, 1040 (1958). 
°) J. M. B. Lane and K. J. Le CourEUR: Proc. Phys. Soc., A 67, 586 (1954). 
) K. J. Le CourTeur and D. W. Lane: Nuel. Phys., 13, 32 (1959). 
) L. Corti, U. FaccHINI, I. Iori, G. M. Marcazzan and A. M. Sona: Nuovo 
Cimento, 13, 730 (1959) (I). 
) U. FaccHINI, I. IoRI and E. MENICHELLA: Nuovo Cimento, 16, 1109 (1960) (e 
) D. L. ALLAN: Nuclear Phys., 24, 274 (1961). 

(19) D. B. THomson (Advisor L. CRANBERG): Thesis: Nuclear Level Densities and 
Reactions Mechanisms from Inelastic Neutron Scattering (Los Alamos Scientific Labo- 
ratories, 1960). 

(11) T. Ericson: Adv. in Phys., 9, no. 36, 425 (1960). 

(2) H. A. Berne: Rev. Mod. Phys., 9, 69 (1937), 
(13) J. BLarr and V. Wrisskopr: Theoretical Nuclear Physics (New York, 1952). 
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The density of the levels o(#, 7) of the nucleus, containing A nucleons 
at excitation energy £ and with spin j, is obtained assuming that the nucleus 
consists of two groups of nucleons (N neutrons and Z protons) distributed in 
two sets of states. The spacing of the states of the nucleons in a region around 
the top of the distribution is assumed to be constant and respectively g,* for 
protons and g,* for neutrons. The pairing interactions is introduced through 
the «effective excitation energy » U given by 


U=E+A, 


where A is a negative term representing the pairing energy of the last two 

protons when Z is even, of the last two neutrons when N is even, the sum of 

both pairing energies for even-even nuclei; À is zero for odd-odd nuclei. 
o(£, j) is given by the formula 


; it EI I exp [— (j + 3)?/2ct] exp [2VaU] 
(1) e(E, j) = Sy Th(2j +1) Da (Aa ie nemo 
where 
T° 
(2) Of, = Ohya OY == fy © 


The thermodynamic temperature ¢ is obtained from the relation 
(3) U= at —i. 


4 is the moment of inertia of the nucleus and € is given by 


. 


The momenta of inertia appears in formula (1), in close connection with 
the spin-dependence of o(E, j). 


2, — Resonance of slow neutrons. 


In reactions with slow neutrons we have well-defined and separate reso- 
nances corresponding to well-defined and separate levels of the compound 
nucleus. 

The average spacing D,,, between these resonances gives directly the level 
spacing of the compound nucleus at a given Æ for determined values of }. 

Though no special hypotheses are formulated, it may be supposed that 
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all the possible levels, in accordance with the rules of the conservation of spin 
and parity, are excited and therefore D,,; represents the density of the nuclear 
levels of the compound nucleus at excitation energy # and with given value 
of the spin j. The binding energy of the neutron B, gives with good ap- 
proximation the excitation energy Æ of the compound nucleus. 
Taking into account the spin J of the target nucleus we have 
Dar 13 I = 08 


ots 


ro 


bole 


‘0(E, j Fi 


4) 
-[o(#, I + 4) +o(E,I_-d)J; I#0. 


De 


ors 


bole 


Since the initial state has a well-defined parity, the observed levels have 
only one of the two possible parities. Therefore we introduced in formulae (4) 
the factor 4 which is due to the hypothesis of the equiprobability of the two 
parities for nuclear levels. For the few cases where the / value of neutrons is 
different from zero, the necessary alterations have been used. 

The measurements made by various groups and reported in BNL re- 
ports and in other papers (see Table I) give the value D,,, for a number of 
nuclei. We have restricted our analysis to 110 nuclei having resonances at 
neutron energy below 200 keV. 

From formulae (1)-(5) we can obtain the value of q. 

We have introduced for .# the value $ MAR? (M mass of nucleons), cor- 
responding to a rigid nucleus following the advice of ERICSON (1:14), R has 
been chosen equal to 1.44* fermi. Varying / by 10% to 30%, the set of 
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Fig. 1. — Values of a (MeV-1) as a function of mass number A; @ a from D 
a from spectra (U > 5.5 MeV), + a from spectra (U < 5.5 MeV). 
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(14) T. Ericson: Proc. of the Int. Conf. on Nucl. Structure (Kingston, 1960), p. 697. 
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TABLE I. 

| | 

“CO DER spin n | AO a Reference | (MeV) | 

20F (+) 1/2 6.605 | 0 5 +104 (a) 4.80 | 
24Na (*) 3/2 6.995 | 0 2.01-105 (a) 3.48 

oo 0 7.331 | 2:10 3.46-105 (a) IO 

28 A] (+) 5/2 7.124 0 4 -108 (a) 6.94 | 

32p EN | 79387 0 5 -104 (b) 4.76 | 
3601 32 | 8.571 0 1- -104 (b) un 
3801 3/2 | 6.110 Que | 978 10 (a) 6.03 
40K 3/2. | 7.798 0 1.12-104 (a) 5.93 
Ca Nees 00 1.51 1.95: 10 (a) 6.80 
4680 1/2 | 8.766 0 2-108 i | 685 
51 nr | 11.040 1.47 1.26 - 102 (a) 7.18 
52V Te ON 04 0 2-108 () | 8.06 
58Cr 0 | 7.943 1.44 2.9°*104-| (a) 8.28 
s6Mn 52 7270 0 Sur es a 8.28 
57Fe 0 | 7.642 1.45 2.32-104 (a) M 9.01 
60Co 7/2 7.497 0 3 -108 (b) 7.74 
| ssNi 0 9.001 1.37 2.57-104 (a) nu 
61Nj 0 7.823 1.37 2,2 -104 | (a) | 899 
Cu 3/2 7.916 0 14 -10 | (a) 8.65 
66Cu 3/2 7.061 0 1.99 : 105 | (a) 9.10 
657n 0 7.989 1.09 1.85-103 | (a) ni 10.31 
687 5/2 | 10.199 2.61 6.9 -102 (I 
| "Ga 3/2 7.730 0 3 +102 Ca 
2Ga 3/2 6.960 0 2.05 -102 (a) | 12.06 
76Ag 3/2 7.287 0 0 RES) | 12.81 
URTO 0 8.020 1.42 200 (a a= 15704 
7856 12 10.480 2.87 3.93-102 | (a) | 11.46 
s1Se 0 6.821 1.42 1.5 -108 | (a) | 14.96 
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TaBLEe I (continued). 


RS ARS kites EU PU. à Plus ali Li Ar QUE ARS Ce 
7 + PARI # x aes | i \ a da x: è ane xy PRET ni dora 4 1 
ah fin i 4 t 7 - L 
y x à CR È î pe È st û a Pi 2 x Ky ì 


tri” 


Slice Karget in| MIS) | dé | (tì |A ques 
opr 3/2 7.893 EN ee (e) 13.02 
Br 3/2 7.648 0 34 (a) 13,77 
86Rb 5/2 8.58u 0 | 8.33-102 (a) 8.99 
88Rb 3/2 6.200 0 1.18-108 (a) 11.46 
888r 9/2 11.120 2.47 ~ 400 (e) 9.44 
wy 1/2 6.850 0 | 485-10° (a) 9.83 
“Nb 9/2 7.190 eg e (e) 13.86 
Mo 5/2 9.160 1.92 ~ 200 (e) 12.16 
98Mo 5/2 8.290 2.39 20,” DT 14.28 
100Te 9/2 7.100 0 14. | (b) 15.7 
104Rh 1/2 6.790 Q: ENT (e) 15.69 
108A 9 iz 07.210 0 | 27.5 (e) 16.51 
| 0A g 1/20 he 6.820 0 17.5 (e) 18.01 
11204 2 | 9.290 2.68 34 (e) 17.49 
113Cd 0 | 6.420 1.38 | ~230 (e) 20.57 
Cd 1/2 9.050 267 | 30.5 (e) 18.22 
SE 92 | 7310 ‘ene 7 (e) 16.67 | 
SIN 9/2 | 6.610 QUID 7 (e) 18.15 
nign 0 8.010 1.92) NS Viet mente 17.17 
in 0 7.190 1.32 e ae 19.16 
usSn 1/2 9.250 2.56 Age pi 16.43 
1198n 0 6.580 1,32 | 300 (b) 19.65 
TEC 9.240 2.60 o ENT 15.47 
SA 6.800 (Ign 15 | (e) 17.16 
Sh | 7/2 6.450 pe 350 1) Phe} 16.33 
12476 1/2 | 9.400 228 15 | (e) 18.08 
ia | 5/2 6.706 0 11.68 | (a) 17.91 
cuni L 7/2 6.485 0 17.56 | (a) 17.48 
3 
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TABLE I (continued). 


| | 
| Compound I 
i nucleus target spin, 


OU 
Or 


16Xe | 3/2 
CS | 72 
16Ba | 3/2 
La | 7/2 
Pr 5/2 
Age 
asp sa 
ein | na, = | 
| 16m | 7 | 
Em | sè | 
REA 
104 BW | 5/2 
nr AS) 
| LEGd | 7/2 
Td | 3/2 
apy |< 7/2. .-| 
LaDy One| 
aDy | 7/2 
ne | | 7/2 
170m 12 | 
169 D 0 
x 1781, 7/2 
È 177],u ws 
Ie oar 
Hi | 9/2 | 
SITA | 1 | 
Ta eee 
18347 pes) 
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Tagze I (continued). 


G cale 


Sa era spin di ) do (eV) | ROSES (MeV?) 
eres ons ns IL LABS 
AB | | 1/2 | 7.460 2.14 15 (e) 24.72 
ISTW | ge Ce. 150 1.23 45 (a) 24.69 
SUI 5/2 i TR hi Mi: (c) 30.6 
Re | 5/2 “5.900 0 7.5 (e) 22.23 
1921r 3/2 6.080 0 2 RI (c) 23.88 
147 | 3/2 5.760 0 ~ 3.5 (e) 24.99 
156P+ 1/2 7.920 1.59 35 | (e) 20.33 
198Au 3/2 6.496 0 30 (e) 19.1 
199Hg 0 6.690 0.72 ~ 100 (e) 21.95 
ange | 1172 8.000 1.33 ~ 50 (€) 19.01 
zum) | 1/2 6.620 0 1000 (b) 14.67 
Pp 0 6.730 0.80 2.5 +104 (b) 10.52 
TOR, 3.930 0.80 4 -105 (b) 11.23 
GO | «9/2 4.640 0 4 -104 (b) 10.76 
sth | 0 5.070 0.80 19 (b) 29.82 
ayy | 5/2 6.770 1.45 0:64 | (5) 30.60 
Fasi e; | 5.240 0.81 15; tb) 28.87 
23617 | 772 | 6.400 | 1.39 ‘0.65 (e) 31.58 
5 LAU: a 0 | 5.420 & 0.81 16.5 | (b) 28.49 
2391] IT SOI ART SETE (e) 36.25 
ND 5/2 ì 5.310 | 0 0.655 (c) 30.41 
Bae Pa. 1/2 ite 1.24 275 | (c) 30.64 
py ì 1 dA | 5.520 i 0.69 19.50 (e) 27.17 
SEPA 5/2 6.210 Du 1.26 x 17 | (e) 30.3 
“Am 5/2 5.480 0 043 | #4 30.95 
“Am _ 52 5150 | 0 | 146 | i (a) 29.73 


(a) B.N.L. 325 « Neutron Cross Secticns », 


(4) T. D. NEWTON: Can. Journ. Phys., 34, 804 (1936) 


(05305 


Tied (Lass). 
(b) A. G. W. CAMERON: Can. Journ. Phys., 36, 1040 (1958). 
(c) A. STOLOVY and J. A. Harvey: Phys. Rev., 108, 353 (1957). 
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a values obtained does not change appreciably. A values have been taken 
from Cameron tables (4) and the binding energy of neutron from Wapstra 
tables (15:19). Table I contains all data related to the calculations with the 
necessary references. 

The values of g, and of a have been obtained with electronic calculation. 

Fig. 1 represents the values of a corresponding to each nucleus. These 
values show a regular behaviour with mass number A, and present the known 
minima (3) for values of A corresponding to nuclei having a magic neutron 
number (4 ~90, 140, 210). Analyses of the neutron resonance have been 
presented by other authors, namely LE COUTEUR and LANG (*), NEWTON (8) 
and CAMERON (4). 

The values obtained in the present paper are noto than the results given 
by these authors. 

In fact all these authors did not account correctly for the moment of 


inertia (17). 


4. — Statistical model for nuclear reactions: spectra of neutrons and protons. 


The statistical model of nuclear reactions gives a simple formula for the 
energy spectrum of particles emitted in a nuclear reaction. 

The essential assumption that should be satisfied in order to apply a sta- 
tistical model to a nuclear reaction is the formation and decay of the com- 
pound nucleus as two independent processes. 

The two basic quantities entering in the evaporation formula are the den- 
sity of states of the nucleus and the inverse cross-section (13). 

According to the statistical model (!) the «reduced spectra », 7.e. the ratio 
between the differential cross-sections 020/0802 and the inverse cross-section 
times the energy of the emitted particle at a fixed bombarding energy, is pro- 
portional to the density of the states of the residual nucleus: 


1 00, 
de 02 


= 
I 
= 


ZA (293 +1 )o(E, ire 


E0% 


The sum is extended over the possible ) values. 
In the previous work (7) (I) we discussed the energy distribution of nu- 
cleons and «-particles emitted by various medium nuclei and in various re- 


(15) E. EveRLING, L. A. Konic, J. H. Matraucm and A. H. Warstra: Nucl. 
Phys., 18, 529 (1960). 

(48) A. H. Wapsrra: Physica, 21,-367 (1955). 

(17) A. C. DOUGLAS and N. MacDonacp: Nuclear Phys., 13, 382 (1959). 
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actions and showed how a certain number of energy spectra are consistent 
with the statistical model. Generally, only backward spectra have been con- 
sidered to avoid as much as possible the presence of direct effects, and only 
spectra corresponding to reactions in which the incident particles have ener- 
gies below about (12--16) MeV. In fact in these conditions the emission is nearly 
isotropic and direct effects are negligible. At higher energies of the incident 
particles (15 or 20 MeV and more) the spectra of emitted particles are not con- 
sistent with the statistical model and with the results at lower energies, the 
angular distributions being much picked forward and the direct effects being 
more notable here and can be observed even at backward angles. 

By comparing the groups of «reduced spectra » corresponding to the same 
or neighbouring nuclei it was possible in a few cases of nuclei with À — 40 to 60 
to build curves proportional to such state densities of the residual nucleus. 

In particular, the comparison gave consistent result for (n, p) reactions at 
14 MeV, for (p, p’) reactions at 11 MeV and for (x, «’) reactions at from 12 to 
16 MeV. Recently we have noticed that a group of (p, x) reactions (1) gives 
consistent results in agreement with the (x, x’) ones. 

A new set of measurements has recently been conducted on (n, p) reactions 
at 14 MeV by ALLAN (*) and by COLLI (1%) and co-workers, while a group 
of (n, n’) reactions for medium and heavy nuclei has been investigated by 
THOMSON (1). 

ALLAN studied backward spectra for 27 elements between Mg and Zn finding 
evaporation spectra practically free of direct effects. 

THOMSON showed that for (n,n') reactions with incident neutron energy 
ranging from 4 to 7 MeV, direct effects are not very important and the evap- 
oration emission is clearly observed, when spectra obtained at various inci- 
dent energies are compared. 

We have collected in this paper all the spectra regarding nucleon emis- 
sion discussed in (I), the more recent results on (n, p) and all the (n, n’) and 
(p, n) results at energies below 16 MeV. 

The inverse cross-sections o, have been calculated using the Weisskopf (1) 
tables and taking as «effective nuclear radius» the value R=7r,4} with 
ro =1.4 fermi for neutrons and r,—1.5 fermi for protons. 

Taking into account that: 1) the expression of o(Æ, j) is given by (1) 
2) the term exp|—(j+3)*/2et] is roughly equal to unity, 3) only few values 


4 


> 


(18) R. SnerR and F. P. Brapy: communication at M.I.T. Meeting (April 1960) 
and to be published. 


(19) L. Corti, I. ort, G. M. Marcazzan, F. MERZARI, A. M. Sona and P. @. SONA: 
Nuovo Cimento, 17, 634 (1960). 

(*°) L. Corri, G. M. Marcazzan, F. MeezARI, P. G. Sona and Pi TOMAS: Nuovo 
Cimento, 20, 928 (1961). 
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of j are permitted for the residual nucleus, the logarithmic derivative of for- 
mula (6) gives with a good approximation the a values, according to: 


(6) — din ((1/eo.):(d’0/dedQ)) 1 - fa 2 
de rer yee heeds 


where ¢ is given by (3) and U=#+Q4+4—ze. 

To check the validity of this formula over the whole «reduced spectrum » 
the values of a can be obtained at different values of U. 

However, in many cases the part of the spectra corresponding to high 
values of U contains multiple reactions, and the secondary particles mix and 
alter the shape of the evaporative spectrum of the primary particles. 

At low U values the low number of levels and the presence of direct effects 
(low U values correspond to high energies of emitted particles) also alter the 
evaporative shape of the curve. 

Due to these facts it is impossible to know with a good precision the slope 
of the level densities over the whole «reduced spectrum », and the U values 
useful for the calculation are restricted generally to an interval between about 
3 and 10 MeV. 

The values of a obtained from the various spectra at various U values are 
collected in Table II, and in Fig. 1 they are differently labelled being obtained 
at U values greater or smaller than 5.5 MeV (*). 

The agreement between the a values obtained for a given spectrum at 
different U values is generally good and formula (1) can be regarded as a good 
approximation. 

It must be remembered that formula (1) in a small range of values of U 
is not quite different from an exponential shape 


o~ 0 exp[U/1], 


— 
~] 


with 7~constant. This simple formula has been used by many authors to 
fit the level densities. 

Comparing the a values obtained from the spectra with the ones obtained 
from the resonance of slow neutrons (Fig. 1) we note that a quantitative agree- 
ment is obtained between the two groups of results, and that particularly the 
deep minima at magic N nuclei and the average shape of the a curve vs. A 
are substantiated. 


(*) The values of a given by Thomson are different from the present values by 
50% due to the omission of the (U-+¢)-? term in the level density formula. 


‘ 


194 


= : sins DI ioe tis Ù k A = à 
“ees . E. use U. FACCHINI and E. SAETTA MENICHELLA À 
GUA Tare Le 
“Residual | D E i U este 
ie (MoV Seen Ce A (Men) (MeV) (MeV-1) 
25Na n,p 14 | (a) 2.10 2.80 3.2 
“ Oy 1.91 2.14 3.6 
28A] n, p 14 | (a, b) 1.80 4.14 4 
(a) 1.81 6.64 4.5 
a | {e) 1.57 6.07 5.3 
i aa n (a) 1.75 7.07 49 
>. (a) 1.01 5.46 9.7 
ù da » (a) 1.285 7.46 7.9 
| 
50V n, p 140 18 a, 1.16 | 8.74 | 10.2 
- | 
DI 1 ast | 3.53 9.4 
Lab; i (a) | 463 |a 104 
| 
(a) 1.21 | 4.09 6.6 
54Mn n, p 14 (ai 1.125 | 6.09 87 
(a) 1792 | 8.09 | 9.0 
} 
3.68 8 
55 Mn Tie ta! i (d) 1.00 
4.68 1 
(e) 162 3.60 | 6.3 
56Mn n, p 14 (e) TESO 6.10 6.9 
(a) a ie 6.10 8.6 
i 1.23 ml 
56Fe nn 7 (d) 0.95 2.23 Ro 
3.23 8.4 
*Co n, D 14 COTE 7.39 9.5 
(as | 
| 
| | 
Co n, p 14 | (a) 1.10 49 70 8.1 
| | 6.97 9.7 
6 © 
| = 
| ; 
“Cu Hee 5 (dv o 113 
| | 4.56 12.8 
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Residual DR | E o qu U PISE | 
nucleus | vSacuon (MeV) RAI (MeV) (MeV) (MeV!) | 
| 
= nt — =I = | 
| | 
OT n, p 14 (a) 1.18 6.79 8.6 | 
66Cu n, p 14 (a) 0.88 Onley 12.8 | 
save é e _| 
CAO n, p | 14 (a) Om 8.71 11.6 | 
| 
a. | . ies. to || 
AS 11, US if (d) 0.67 4.53 16.5 
78-808 n,n’ | 7 (d) 0.62 3.19 15.4 | 
| = = = 
St il, an a (d) | 0.80 3.53 tl 
5 (d) | 0.48 3.38 23.6 
ND n, n° 6 (ay | 0.49 4.38 26.9 
di (d) 0.59 5.38 22.6 
9Mo pu 8 (f) 0.73 2,51 Il | 
| più SI 
| | 
| 8 GEO 70570) DON 11-2000) 
103Pq pie 16 (g) | 0.85 8.27 16.4 
gee 16 (4) | 0.85 10.27 19.1 
4 (a) 0.40 1.71 21.80 aa 
5 (d) i ous 271 20.8 di 
Loin TONE | 
6 (d) 0.52 Saal 21.98 a 
fi (d) 0.56 4.71 22.6 | 
Li | ae 
| 
| ” (h) | 0.50 1.40 15.0 
MOS || dn ; (h) 0.50 2.40 18.4 
| (f) 0.65 3.40 14.8 
ene heed (d) 0.40 1.74 22.0 
2121205 | SD | 
s; 7 (d) 0.58 4.74 21400 
(d) 0.41 1.80 51.6." a 
LEI ii | | 
(d) 0.60 4.60 20 4000 


oe Mae: {a oe bic + ees), : 
ARE PRE | N > nat di dA VE “+ ! wt 7 È i < ce leg Cosa a È er 
TE È: PE y 3 7 Via x y. 7 \ ASA, di + = | ‘ , 
1250 ; E: ERBA, U. FACCHINI and E. SAETTA MENICHELLA RA e a è 2 
TABLE II (continued). 
n | | 
À U | a 
Residual HAM Es Refer T | | yee 
Reaction È elerence = 7 1 
Rar | nucleus (MeV) (MeV) | (MeV) | (MeV-1) 
|° 4 (d) | 0.65 | 2.46 | 12.8 
; 139 La nt | 5 (d) 0.69 3.46 13.6 
ER 7 (d) 0.68 | 5.46 18.0 
à NE, ! 
5 dea BERTO, 13.8 
4 I | 
| aCe Di 7 ee | 4.25 18.9 
| 
Tee => | | 
di: 181Pa mia 7 | (d) 0.52 | 5.03 26.7 
{ = — | | 
x | | 
te | 184-186V7 n,n | i | (d) 0.50 | 3.87 | 24.0 
| | 
~~ À | | — 
ay | | | 
Ta | : (d) 0.47 | 2.39 | 20.2 
| rie | A 
aah 5 F0 ube la) 0.60 | 39 22.0 
= | | 
A M isa SR 0.77 9.88 22.1 
À ul Bue, Pp, n 
16 (9) | 0707 10.88 231 
4 (d) 0.76 2:39 10.2 
< ER 5 (d) 0.81 309 10.6 
Bex 203-205] n, n' | 
EUR ; 6 | (d) 0.80 | 4.35 122 
7 | (d) 0.78 DO | 14.3 
dI - — | Pa 
205 Ph oh 16 (9) | 0.71 | 9.50 24.7 
dip 16 | (9) | 0.71 10.50 26.6 
Qu ta | | | 
1% 206P n, 0 7 (d) 1) 4 002)" ea 10.3 
se hs a | | | | 
eet 2098 ft 5 (d) 0.68 3.19 13.4 
sa | (d) TOS | ORLO, 8 9 
È | 
; | 
4 (a) D. L. ALLAN: Nuclear Phys., 24, 274 (1961). 
(b) L. Count, G. M. MARCAZZAN, F. MERZARI, P. G. Sona and P. Tomas: Nuovo Cimento, 
I 20, 928 (1961). 
VITAE (e) L. Court, I. Tort, G. M. Marcazzan, F. MERZARI, A. M. Sona and P. G. Sona: Nuovo 
Cimento, 17, 634 (1960), 
yt (d) Thesis by G. B. THOMSON (Advisor L. CRANBERG), Los Alamos Scientific Labor. (1960). 
4 è (e) P. V. Marc“ and W. T. Morton: Phil. Mag., 3, 143 (1958). 
aes j (f) Wash. 1026 (1959), p. 59. 
(9) P. C. GUGELOD! Phys. Rev., 81, 51 (1951). 
(h) Wash, 1026 (1959), p. 56. 


4950 


È 3 Me - 
"NE P y LT ul bre 


ra 
L 
€ 
: 
wf 
DI 
x 


STATISTICAL EMISSION IN NUCLEAR REACTIONS ETC. 1251 


We can reach the conclusion that the spectra collected from (D), (RAT 
and (n, p) reactions can be used to build a consistent set of a parameters and 
that the corresponding «reduced spectra» can represent the dependence of 
the level densities vs. U below 10 MeV. 


5. — (n, p) eross-sections at 14 MeV. 


In paper II we showed that all the cross-sections of (n, p) reactions for 
medium nuclei at 14 MeV known at that time can be shown to be in good 
agreement with the statistical model. 

Before comparing the values of cross-sections with the evaporation model 
it should be a good rule to know the spectra of the particles emitted and the 
angular distribution of every particular reaction studied, to be sure that spectra 
and angular distribution are in agreement with the model; if they are not, 
it will be necessary to subtract in some way the contribution of direct effects. 
In the (n, p) reactions for medium nuclei (4 from about 20 to 60), at 14 MeV, 
both the shapes of the spectra and the angular distributions of protons show 
the presence of direct effects, but either these effects are negligible or can be 
easily subtracted. 

Bearing in mind these considerations we made in paper II a comparison 
between cross-sections for nuclei ranging between Mg and Sb with the eva- 
porative model, introducing, as a first approximation, formula (7) for the den- 
sity of nuclear levels, T being constant. The 7 values had been obtained 
from experimental (n, p) spectra. In particular it was shown in (II) how the 
introduction of the pairing energy increases by —10 times the calculated 
values of o(n, p)/o(n, n') for even A nuclei with respect to odd A nuclei, in 
agreement with experimental results. The nuclear radius was chosen as 
R=1.6A' fermi from a best fit consideration. 

More extended calculations have been made by ALLAN (°); the values of 
27 + cross-sections obtained by him through measurements of spectra of the 
protons are compared with the evaporation model, using three different for- 
mulae for the level densities. 

In all cases he uses radius R=1.5.A* fermi. 

At first he found a good agreement between calculations and experiments, 
utilizing the level density formula (27) of LANG and LE COUTEUR (°) which is 
quite similar to formula (1). The values of a are assumed to be given by 
a= A/8; these values are not quite in good agreement with the a values de- 
duced by the experimental spectra of protons (see Table II). ALLAN also 
showed how the use of formula (7) was not in good agreement (using 7) = 1.5) 
because this formula tends to enhance the neutron emission. We can, on the 
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n 
bo 
SL 
bo 


other hand observe, to explain the agreement found in paper II using for- 
mula (7), that the choice of r,—1.6 enhances even the proton emission. 

In order to complete the situation it is interesting to repeat the calculations 
following formula (1) using the a values of Fig. 1. 

We have calculated the ratio between o(n, p) and o(n, n') using the formula 


Oe) cae [eos exp [2VaU]/(U+t)? de 


(8) mic pan DA | Dane ’ 
om n) Foden exp [2VaT]/(U + t)#de 


ò 
where: ema = Zo+ Q + A(n, p), 
Eux = Bot Ad, n’) , 
U sli 


the meaning of the various symbols being evident. The values of a are taken 
from Table I or interpolated. 

Values of o, are assumed, as stated in Section 2 above, to be with radius 
parameter 1.5 fermi for protons and 1.4 for neutrons. © values have been 
calculated from Wapstra’s tables (15:16), 


us 
10 a(n,n') /exp 
(ESS 
a (n,n')/cale 
| (a = 
| 
hr ss | VEN En | rest À 
a SS ESSI IT RESI ES ASA TES: RI EE ESS 1 Lt 1____3» 
ee | 30 40 50 60 70 
mG DNS 
iyo, 2: [o(n, p)/o(n, n')}exyp/[c(n, p)/o(n, n'}lue as function of mass number A 408 


20 = AS 75. 
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Values of A(n, p) and A(n, n') have been taken from CAMERON (4). 

The calculations have been performed electronically and the calculated 
values of the ratio o(n, p)/o(n, n') have been compared with the experimental 
ratio. 

We have considered a new set of experimental o(n, p) values obtained by 
averaging over all the known results; in particular, direct effects have been sub- 
tracted in lighter nuclei following the results of COLLI and co-workers (19%) 
and when the direct cross-sections were known. For medium A nuclei 
40 < A< 60 direct effects are negligible and we have considered the total 
o(n, p) as due to evaporation (21). 
| The ALLAN (*) results obtained from measurements at backward angles 
i have been also included. 


| T(N,p) 
Cases 
/ 
| Cu 
T E 
0.1 3 | ee 
DES 
Il et 
0.01 ge 
j 


0.001 
i ( o(0,P) ) 
es a(n,n’)/cak 
Aa 1 Oe anes pì = 
0.001 0.01 O1 1 
Fig. 3. — [o(n, p)/o(n, n')]xp as function of [o(n, p)/o(n, n’) Jee for the same nuclei as 


ma Iaia 2 


o(n, n') at 14 MeV have been obtained from total anelastic cross-sections (??) 
minus (n, p) cross-sections. (n, x) cross-sections have not been introduced, being 
negligible. 


| (21) L. Corni, I. Torr, S. MicnererTTi and M. PIGNANELLI: Evaporation Mechanism 
and Direct Effect in n,p Reactions on Medium Weight Nuclei, to be published on 


Nuovo Cimento. 
(22) M. H. MacGrecor, W. P. Barr and R. BootH: Phys: Rev., 108, 726 (1957). 
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Table III collects all the data related to such calculations and to the com- 
parison. Fig. 2 reports the ratio 


! 


(o(n, p)/o(n, n‘) 
(o(n, p)/o(n, n') 


as a function of the mass number A. 

The agreement shown in Fig. 2 is of the same kind as the one found in 
paper II and the one found by ALLAN. 

Most of the experimental results agree more or less with the theoretical 


ones; for a group of nuclei 
1 


10 rn (the same nuclei in all cases) 
a(n,n' à È 
the experimental proton emis- 
+ TOP) exp ; va 5 
| g(nn') sion is bigger by a factor of 
+ TP} cale up to 2--4 than the theoretical 
hag La one. 
È À It is not possible, however, 
| : ; : to choose among the different 
+ i i 


sets of parameters: the spectra 
1073 È are not sufficiently known to 
i ; si | permit such a choice and the 
[ same can be said for the bar- 
L rier penetrations. 
oe + i For the sake of coherency 
j + we should say that at least as 
i a first approximation the pres- 
| + ent calculations should be 
a * a preferred. 
i In making this choice, due 


+ regard was given to the consi- 


stency of the sets of experi- 
ments discussed in Sections 3, 


10° SE 
È + 4 and in the present section. 
[ + Fig. 3 represents the re- 
[ "i sults in a different way: 
si A (.(n, p)/ (n, n')).. as function 


00 120 140° 160 180 200, 220 240° of (a(n) p)/oin, ui). I. 
Fig. 4.—[o(n, p)/o(n, n’)}, , and [o(n, p)/o(n, n’)}eae quite interesting to note how 
as functions of mass number] A for 90<A < 240. 


1 


the biggest discrepancies ar 
found with the smallest values 
of the ratio o(n, p)/o(n, n'); here the experimental values are about twice the 
calculated ones; it is to be observed that the direct effects for these small 
cross-sections can be relatively much more intense. 
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The calculations and the comparison have been extended for nuclei with 
Z > 40. Table IV contains the data relative to these nuclei. The calculated 
and the experimental values of o(n, p)/o(n, n') for the various nuclei are 
Shown in Fig. 4 as functions of A. 

For these nuclei the experimental results are generally of a greater order 
of magnitude than the calculated ones, which shows that for these nuclei the 
direct effects are determinant. Practically the whole o(n, p) for these nuclei 
‘an be attributed to these effects. 


6. — Conclusions. 


The consistence of the whole group of experimental results discussed under 
the evaporation rules gives an experimental basis to the evaporation model 
and at the same time to the description of the excited nuclear levels by for- 
mula (1). 

The evaporated energy spectra in the medium energy reactions studied do 
not correspond necessarily to a compound nucleus in a statistical equilibrium. 

In fact at the excitation energies ranging from 10 to 20 MeV the width 
of levels, /, is assumed to be much greater than the level spacing D: > D 
and following the arguments of V. WEISSKOPF (!) the particles are emitted 
mostly before equilibrium is reached. 

However in order to apply the «evaporation model » ?.e. formula (6) the 
equilibrium is not necessary but the independence of entrance channels from 
exit channels is required and this independence is possible without equilibrium. 

The values of g have to be interpreted as «average densities » of the nu- 
cleons near the top of the energy distribution; of particular interest is the 
fact that these densities change in a regular way showing significant shell 
effects. The meaning of deep minima at A = 90, 140, 210 corresponding to 
magic neutron nuclei is however not clearly understood (*°), 

The greater values of a correspond however to the highly deformed nuclei 
indicating for these nuclei a more dense population of nucleons at the top 
of the Fermi distribution. 

Particularly, the set of parameters obtained will be useful in extending 
the calculation to other experiments and to more complicated situations. 


We wish to express our thanks to Dr. T. Ericson and Dr. D. L. ALLAN 
for useful discussions and we thank Dr. L. CRANBERG for sending us detailed 
results and for discussions. 
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RIASSUNTO 


Il modello statistico delle reazioni nucleari è stato sviluppato da qualche decina di 

| anni soprattutto da V. Wersskopr. Tuttavia non si ha ancora una chiara comprensione 
_ della situazione sperimentale riguardante le reazioni nucleari alle basse ed alle medi 
energie. L'interpretazione è complicata dal fatto che spesso le reazioni avvengono 
secondo altri meccanismi, per esempio effetti diretti. In questo lavoro si cerca di mostrare 
la possibilità di spiegare un certo gruppo di esperienze con un modello statistico 
Le esperienze discusse sono: a) misure di risonanza per neutroni lenti: b) spettri ener. 
getici delle particelle emesse nelle reazioni (n, p) (n, n') e (p, n) per energie incidenti 
tra 4 e 16 MeV; c) sezioni d'urto di reazioni n, p ed n, n’ a 14 MeV. Da queste esperienze 
è possibile ottenere una tavola di valori consistenti di a, parametro della formula della 
densità di livelli nucleari. 
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BL NUOVO CIMENTO MOL XXI ENG 16 Dicembre 1961 


On a G. M. Counting Rate Increase 
Recorded at Balloon Altitude. 


D> BRENT, M GALLI and G. i, TABELLINI 


Istituto di Fisica dell Universita - Bologna 


U. CIRIEGI and A. GANDOLFI 


Commissione Ricerche Spaziali del C.N.R. - Sezione di Bologna 


(ricevuto il 12 Ottobre 1961) 


Summary. — A fast pulse of G.M. counts has been recorded in a balloon 
flight, near Bologna, under 120 g-cm ? of residual atmosphere, between 
0712 UT and 0714 UT on July 18, 1961, during a period of relatively 
high solar activity. In the interval of about two minutes the counting 
rose and decayed again to the normal value, reaching a maximum about 
50% higher than the value corresponding to the absence of solar activity. 
Solar geophysical events of this period and the possible causes of our 
counting burst are here considered. Because of the peculiarity of the 
event it is difficult to state the type of particle responsible for our event. 
Among all the possible causes, the least improbable are that of solar 
photons with energies in the range of about 1 MeV up to a few 100 MeV. 


or that of solar protons with energies in the range (4-8) GeV. 


1. — Results. 


During a recent period of a relatively high solar activity some balloons 
were launched up to the burst altitude, in order to test the Cosmic Ray in- 
tensity and to look for any variation. 

The equipment used was composed essentially of some G.M. counters of 
total area of 24 cm?, of a baroswitch and of a telemetering system elsewhere 
described (1:2). Pressure and G.M. total counts were recorded every 15 seconds 


) D. BrINI, U. CIRIEGI, A. GANDOLFI and G. L. TABELLINI: Suppl. Nuovo Cimento, 
17, 277 (1960). 
) D. Brint, U: CirieGIi, M. Garii, A. GanDoLFI and G. L. TABELLINI: Ricerca 
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intervals. During the flight on July 18, 1961, whose measurement period 
lasted from 0625 UT to 8000 UT, a very short count burst was detected be- 
tween 0712 UT and 0714 UT, at an altitude corresponding to about 120 g- cm? 
of residual atmosphere while the sun was 34°33’ above the horizon. The counting 
behaviour of the remaining flight time was quite similar to that of many other 
balloon flights, made in the same period, when the, solar activity level was 
relatively low. 
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rhe results of our measurements have been summarized in Fig, 1, where 


we represent, vs. time: 


a) the behaviour of the 11-term moving average of the 15 s series of 


G.M. made for the whole measurement period, except readings in the period 
0712-0714 UT; 


b) the altitude behaviour: 


4962 


ON A G.M. COUNTING RATE INCREASE RECORDED AT BALLOON ALTITUDE 1263 


c) the absolute values of the deviation of each individual term from the 
corresponding term of the moving average; 


d) e) the behaviours respectivelv of 2 and 3 standard errors, deduced 
from the 11-term moving average. 


It can clearly be seen that the count burst has a sudden rise and a sudden 
decrease and reaches a maximum of about 150% the normal value. 

We have looked for the possible causes of instrumental errors and of mis- 
functioning but nothing has arisen to justify such fast variations. Therefore 
we believe there is a high probability that this event is true. 


2. — Probable correlations. 


As mentioned above, at the moment of the balloon launch we were aware 
of the high solar activity. 


a) A class 3 flare was observed at 0505 UT (4) although neither be- 
ginning nor end was seen. A class 2+ flare was observed between 0754 UT 
and 0837 UT. Another class 3+ flare was observed between 0921-UT and 
1330 UT which has been associated to a strong PCA and to an injection of 
Cosmic Ray particles recorded at ground and balloon altitudes (#55). 

All these flares were observed in the same point of the solar disk. 
We should mention that the same reference (*) reports that the « flare 
patrol » was not working between 0030 UT and 0750 UT. 


b) Furthermore a type IV storm of solar radionoise emissions superposed 
to many type III storms was recorded between 1305 UT and 1800 UT in the 
(25 41) MHz band (5). Observations of solar radionoise at 20, 545, 2 980fand 
at 9100 MHz at Nera show no special events in the period 0510 UT- 
0800 UT (78). 

c) The Earth’s magnetic field recorded at the Aquila Observatory (°), 
slightly perturbed during the early hours of July 18, (450 y), showed a 
magnetic storm beginning at about 1100 UT. 


(3) Solar Geophysical Data, part B, CRPL-F 204 (National Bureau of Standards). 

(4) Map of the Sun: 1961 July 18, Fraunhofer Inst. 

(5) Preliminary Report of Solar Activity: TR 516, High Altitude Observatory, 
3oul 


(5) Private communication (Kiruna Geophysical Observatory). 
(7) Private communication (Nera Observatory). 

(8) Solar Geoph. Data: July 1961, Netherlands P.T.T. 

( 


9) Private communication from Istituto Nazionale di Geofisica. 


) 
) 
) 
ler, Colorado. 
) 
) 
) 
) 
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d) The riometer recording at the Microwave Center of Florence (1°), having 
e È 5 . . . ¥ "Pg TTD x REST 
a quiet behaviour until the calibration time, beginning at 0652 UT, showed 


a 


a certain degree of absorption when at 0750 UT it started recording again. 


e) Cosmic Ray intensity, recorded every 15 minutes by scintillation 
monitors placed in this Institute with 450 g-cm~? of absorber and without 
absorber, and the neutron monitor data at Deep River (*), showed no varia- 
tions greater than some per mill in the interval 0700-0800 UT. 


The above picture of solar-geophysical events around the period of our 
balloon flight does not allow us to make any correlation, but helps us in the 
discussion on the possible causes of our burst of G.M. counts. 


3. — Discussion. 


Taking into account the picture of the solar geophysical phenomena re- 
ported above, it is possible to reject some causes of our event in the following 


discussion. 


a) Artificial radioactivity at 120 e-em-?. 
In our case no increase in the atmospheric radioactivity or nuclear explo- 
sions ('') could be correlated with our event. 
This cause has to be considered because in the past similar events have 
been recognized as due to artificial radioactivity (?*). 


b) Electrons with energies smaller than 250 MeV and protons with ener- 
gies smaller than 600 MeV, because they cannot reach 120 gem? ?. 


e) Electrons with energies greater than 4 GeV, corresponding to the geo- 
magnetic cut-off at the latitude of Bologna because, in this case, our ground 
monitors should have recorded a detectable increase in the counting rate. 


d) Primary protons of energies greater than about 8 Ge\ 

In fact, because of the multiplicity factors at 120 @-em-? and at ground, 
they certainly should have been recorded even at ground. 

With protons of these energies the increase of 50°, at 120 &-cm ? should 
correspond to an increase, of our ground detectors, greater than 1.5°,/15 min- 
utes, that is the sensitivity limit due to the time resolution and to the sta- 
tistics (3-10° counts/h). 


(1) Private communication. 
(1) Private communication from Health Physics Lab. of Bologna Univ. 
(©) H. T. Mantis and J. R. WINCKLER: Journ. of Geoph. Res., 65, 3515 (1960). 
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e) Solar neutrons having a power law differential energy spectrum, with 
a negative exponent smaller than 1.5 and higher than 2.5. In fact, in this 
‘ase, the burst of G.M. pulses should be more spread out in time. Such a 
conclusion can be drawn taking into account the neutron collision mean free 
path for production of protons with energies greater than the G.M. cut-off, 
the absorption mean free path of the primary neutrons and the neutron decay 
between the Sun and the Earth. 
In addition, for the exponent smaller than 1.5, the increase should have 
been detected even at ground. 
f) Solar photons and auroral photons with energies smaller than 0.5 MeV. 
It is known that X-rays of such energies may be associated with auroral 
activity (1). But we have to exclude them because they cannot reach 
120-2 em. 
g) Solar photons of energies greater than a few GeV. 
In this case we should have a burst of secondary particles at ground. 


The possibilities so far discarded have been discarded mainly from the 
instrumental point of view. 

Strictly speaking, because of the rarity of the event and the poor knowledge 
of the interplanetary and solar physics, none of the remaining possible causes 
can be excluded. 

However, many of them are difficult to maintain as, for example, that of 
the primary electrons or protons of energies smaller than the geomagnetic 
cut-off, entering the atmosphere through a sudden and strong deformation of 
the Farth’s magnetic field. 

Solar neutrons having a differential energy spectrum with an exponent in 
the range 1.5+25 could explain the temporal shape of our burst of G.M. 
pulses. But it is difficult to think of a generation mechanism for neutrons in 
the Sun not associated with charged particles not detectable on the Earth. 

As far as we know about solar physics it is not impossible to admit, 
as a cause of our event, photons of energies in the range from 05 MeV up to 
some 100 MeV, or protons in the range (4--8) GeV. This conclusion is not 
inconsistent with the arguments of KORFF and HAYMES (1°) and of PETERSON 
and WINCKLER (15) in connection with the discussion of events that have many 


aspects similar to ours. 


(1) kK. A. ANDERSON: Phys. Ivev., 111, 1397 (1958). 

(4) K. A. ANDERSON: Journ. of Geoph. Res., 65, 551 (1960). 

(15) S. A. Korrr and R. C. Haymes: Journ. of Geoph. Res., 65, 3165 (1960). 
(16) L. Perprson and J. R. WiNCKLER: Phys. Rev. Lett., 1, 205 (1958). 
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RIASSUNTO 


In un volo di pallone, effettuato il 18 Luglio 1961 durante un periodo di attività 
solare relativamente forte, è stato rivelato un impulso di conteggi fra le ore 0712 UT 
e le ore 0714 UT, con contatori G.M. Questo evento, corrispondente ad un aumento 
del conteggio di circa il 50%, sul valore normale relativo a mancanza di attività solare, 
è avvenuto ad una quota di circa 120 g-cm? di atmosfera residua. Sono stati presi 
in considerazione i fenomeni geosolari avvenuti nello stesso periodo di tempo e le 
possibili cause di questo evento. A causa della peculiarità dell'evento è difficile defi- 
nire il tipo di particelle responsabili dell'evento stesso. Fra tutte le cause possibili le 
meno improbabili sono rappresentate da fotoni solari di energie comprese fra circa 
1 MeV e poche centinaia di MeV, o da protoni solari di energie da 4 a 8 GeV. 
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IL NUOVO CIMENTO VOL a XOX ING RO 16 Dicembre 1961 


Characteristics of .\° Produced in Carbon Nuclei by 1.3 GeV 7 . 


R. CHESTER (*) 


Istituto Nazionale di Fisica Nucleare - Sezione di Torino 
University of Princeton - Princeton, N. J. 


(ricevuto il 15 Novembre 1961) 


Summary. — The main purpose of this experiment was to derive infor- 
mation on the polarization of A® produced in carbon from the measure- 
ment of the decay asymmetries. This was done on 238 events originated 
by zx of 1.3 and 1.2 GeV. The up-down asymmetry measured with 
respect to the plane p.; .x Pao is «Py = — 0.018+0.107; the asymmetry 
(left-right) measured with respect to the plane (Prine Pao) X Pao is also 
very small xP:=+ 0.01--0.11. This implies that the A® we measure 
has not, in most cases, been directly produced in the interaction 
of a 1.3 (or 1.2) GeV =~ with a nucleon of the carbon nucleus. Secondary 
strange particles are found to play an important role in the depolarization 
process. The forward-backward asymmetry with respect to the A° labo- 
ratory line of flight has also been measured. The result is found to be 
compatible with zero when the effect of scanning bias has been taken 
into account. From the analysis of the += stars from which a A“ is emitted, 
information on the frequency of the various A® production channels is 
derived. In particular we set an upper limit to the cross-section for 
reaction S&S 4+p>A°4 N, cy-x0<(38+24) mb. From the study of missing 
energy and momentum in two V events the lower limit to the frequency 
of secondary reactions is set to be 50%. 


1. — Introduction. 


In recent years the angular distribution of the particles originated from the 
decay of hyperons produced in hydrogen has been studied in order to detect 
parity non-conservation in weak interactions. 

It was indeed pointed out by LEE, YANG et al. in 1957 (!) that if strange 


(*) Present address: Istituto Nazionale di Fisica Nucleare, Sezione di Torino. 
(1) T. D. Lee, J. STEINBERGER, G. G. FEINBERG, P. K. KaBiR and C. N. YANG: 
Phys. Rev., 1069003 Gram Loa: 
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particle decay interactions are not parity- conserving, the particles from 
hyperon decay could be asymmetrically emitted with respect to the direction 
of the hyperon spin. The expected angular distribution has the form 1+«P cos 6 
where 0 is the angle between the decay particle momentum in the c.m. system 
and the hyperon spin direction, x is the asymmetry parameter defined as: 


x = 2 Re(A*B)/(|Al?+/Bl), 


A, B amplitudes for decay into s and p final states of the 7-nucleon system 
and P is the average hyperon polarization. 
If parity is conserved in strong interactions the A° can only be polarized 


along the normal to the production plane (?). For A° produced in hydrogen, 
in the process 


(1) qe == p — AO we go 


the value of «P was carefully measured (%1) as a function of the 77 energy 
[aP= 0.44 0.1 in our energy interval] and (at — 990 MeV x kinetic energy) 
as a function of the c.m. emission angle. 

Independent measurements of x have been attempted; the more recent 
experiment gives a value (5) x = — Tala The average value of the pola- 
rization along the normal to the production plane, for A° produced in hydro- 
gen through reaction (1) is then very nearly 1. 

Once parity non conservation in the A°decay has been established, the 
study of the up-down asymmetry in the A°decay can be used to analyse the 
degree of polarization of A° produced in reactions other than reaction (1). 
seems rather useful from an operational point of view to see if complex nu- 
clei as well as hydrogen, can be used as sources of polarized A's. In particular 
it seems important to carry on a polarization analysis for As produced in 
carbon nuclei, since many of the operating bubble chambers are propane ones 
and therefore carbon events are and will be available in great number. 

This paper reports on the characteristics of 145 A® produced by 1.3 GeV 


(ay ALL ADS Meaayias ani CONAN: Phys. Rev., 108, 1645 (1957). 


(*) E. Erster, R. Prano, A. Proper, N. SamIos, M. SCHWARTZ, J. STEINBEPRGER,. 


P. Basst, V. BorELLI, G. PupPI, G. TANAKA, P. WALOSCHEK, V. ZOBOLI, M. CONVERSI, 
P. FRANZINI, I. MANNELLI, R. SANTANGELO, V. SILVESTRINI, D. A. GLASER, C. GRAVES 
and M. L. PERL: Phys. Rev., 108, 1353 (1957). Also Proc. Rochester Conf. (1958), p. 147. 
(*) F. S. Crawrorp, M. Cresti, M. L. Goop, K. GoTTsTEIN. E. M. LYMAN, 
F. T. SoLwirz, M. L. Stevenson and H. K. Ticno: Phys. Rev., 108, 1112 (1957). 
(5) J. LeItxER, L. Gray, E. Harra, S. Licuman, J. WesteARD, M. BLOCK, 


B. Brucker, A. ENGLER, R. GessaRoLI, A. Kovacs, T. Kikucui, C. MELTZER, 


H. O. Coun, W. Buca, A. PevsweRr, P. ScHLEIN. NI. MEER, N. T. GRIMELLINI, L. LEN- 
DINARA, L. Monart and G. Puppi: Phys. Rev. Lett., 7, 264 (1961). 
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on carbon nuclei; the polarization analysis has been carried out on a total 
of 259 A° including 118 events, at slightly different energies, previously meas- 
ured by other laboratories. 

From the polarization of A°®-particles as well as from the kinematics of 
the events and from the detailed study of the x star from which the A is 
emitted, we deduce some information on the secondary reactions occurring 
in nuclear matter. In particular we set an upper limit to the frequency of 
the © +n— A°+n conversion process. 


2. — Experimental. 


The experiment has been carried on making use of films obtained from the 
exposure of the 12 in. Columbia Propane bubble chamber to 77 of 1.3 and 
1.2 GeV kinetic energy. 

All of the 1.3 GeV film had been scanned twice (5) by the Columbia group 
in order to detect V shaped events, in the course of their early experiment to 
study strange particle production in hydrogen. 

A re-examination of all the V shaped events was done by us and all the 
events which could be interpreted as production of A° in carbon (*) or hydrogen 
nuclei and which had not been previously analysed by the Columbia group, 
were carefully measured (**). 

The data were processed on a 1 B.M. 650 to get reconstruction of the event 
in space and momenta of the charged particles. Mean errors in the angular 
measurements were also computed. The events were then analysed to check 
their consistency with the kinematics of a A° decay and, once this was estab- 
lished, the direction of the A® was adjusted to fit coplanarity. The correction 
to be applied to the angles of the A® was due mainly to the incertainty in the 
measurement of the co-ordinates of the 77 interaction point from which the 
A° did originate. In no case the displacement of this point in the chamber 
exceeded 2mm. The results of the analysis of 211 measured events are 


(5) F. EIsLER, R. PLANO, A. PRODELL, N. SAMIOS, M. SCHWARTZ, J. STEINBERGER, 
P. Bassi, V. BorELLI, G. Puppi, G. TANAKA, P. WALOSCHEK, V. ZoBoLI, M. CONVERST, 
P. FRANZINI. I. MANNELLI, R. SANTANGELO, V. SILVESTRINI, D. A. GLASER, C. GRAVES 
and M. L. PERL: Nuovo Cimento, 10, 468 (1958). Also Proc. Rochester Conf. (1958), p. 147. 

(*) A A0 was said to come from a carbon origin when: a) coming from a star 
from which an odd number of charged prongs and/or a charged baryon was emitted; 
b) when condition a) was not fulfilled but the kinematics of the event was found 
to be incompatible within the limits of error with that of an H-event. 

(**) The measurement procedure and estimated errors on angle and momentum 
measurements were the same as reported in (*). Also the scanning efficiency was - 
the efficiency in the H experiment since all the events measured by the Columbia 
group were independently reselected while re-examining the V shaped events records. 
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reported in Table I, together with the data concerning the 105 events measured 


by the Columbia group. 
TABLE I: 


0 fr x 
O ON EU 


| : 

| es DE Ne H events 

| Re carbon RER \o be H 

re Seay ly measured | Go (**) SESTO STATE over 

ES iden- È —k- ae 

| | bik tified ass. : “g 

ass. 0° single ass. 0° single go single 

| 

; 

| Present work | 12 Sige 9 SHIRTS 3 32 3 .|12 3 

Columbia DI 25 2 3 ~ — 26° 1 321(2 23 - 
Total 39 106 3 12 —- — — 29 | 44 


(*) These events were only used for cross-section estimates. 
(**) 6° unambizuously identified on the scan table where not measured and are not included 
in this figure. 


The 1.2 GeV film has been completely scanned by the Pisa group which 
collaborated in the quoted experiment (5). A Puppi plot has been made for 
all hydrogen and carbon events. 

The result of their analysis gave 197 A° originating in the chamber, 54 
coming from a x interaction on an hydrogen nucleus. For 96 out of the 
143 remaining events enough information was available to allow us to 
classify them as carbon events and to make use of them for the polarization 
analysis. In 43 of such events the associated 0° was decaying by its charged 
mode inside the chamber. 


3. — Relative yields of A° from carbon and hydrogen nuclei. 


The results obtained from the analysis of the events found in the 1.3 GeV 
m film allow a determination of the frequency of carbon events as compared 
to the frequency of hydrogen ones at this energy. 

We will first discuss those events in which both 6° and A® are seen to 
decay through their charge mode inside the chamber (2 V events). Asso- 
ciated A°° production in hydrogen is due to reactions: 


Ll) nr+porA0t00 


2) n+p —> 2+ 6 followed by 2° > A°4vy. 


= 


Dì 
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For the 2 V events the two reactions can be separated; their relative fre- 
quency is known to be (5) o(A°0°)/o( 20°) = (0.32 + 0.06)/(0.24-+ 0.06) = 1.331978 
Associated A°6% production in carbon can be obtained through the fol- 


lowing channels: 
3) m + p (bound) — A°+ 6°+ (x) which can be followed by a rescat- 
tering of the particles in nuclear matter. 


4) = + p (bound) > X°+ 60 + (x) followed by 2°->yY+ A0. 


5) x + p (bound) — 20 + 6°+ (x) followed by Z°+n — A°+ n. 
6) = + NV (bound) + 27 + 60 + (x) followed by © + p — A°+ WN. 


Even if both strange particles decay in the chamber it is not possible to 
separate the yields due to different channels, however the presence of a fast 
proton in — 15%, of the cases indicates that secondary interactions occur in a 
significative part of the events. 

To the events classified as carbon ones will also contribute reaction: 


7) m+ p> A° + 60 + re. 
occurring in hydrogen. This is however expected to occur in few percent (*) 
of the hydrogen associated productions and therefore we will not correct for 
this effect. 
The ratio N carbon/ hydrogen of events in which both A° and 6° are 
seen to decay through their charged mode in the chamber are given in Table IT. 


{TEC 


NRC XYY shaw (0) dg (2 VO) No(AS ini) EMEA MAC) 
N (2: Vo in H) On (2 vo) N (AS in A) Wy Nip (A° in FT) 


Gon Cae) 


42 113 155 
La Se 145 Ba) = aes 
29 48 ii 


(*) Single A° only. 

(**) Taking for o,0 in H (649 + yo) = 0.56 mb. The errors were computed with the fol- 
lowing assumptions: upper value Nyog= 2; Nocont= 0.52:37; lower value No eon, = 0: 
Nxog=(39—13), 13 being the number of events which are not compatible with the kinematies 
of PE 9%); DO Aly. 


The cross-section ratios are also given taking into account the relative abun- 
dance of carbon to hydrogen nuclei in propane (3/8). 

(‘) The frequency of reaction (7) is expected, from charge independence consid- 
erations, to be equal to the frequency of reaction 7 +p—> A®+K*+7, which was 
found to occur only in 3 out of the 75 H events. 
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Events in which a single At-decay is visible in the chamber can be attris 
buted to hydrogen only if they are produced through the channels: 
1) wot p = ASH 00. 
Sire pr ART He. 
If the A° is due to the decay of a X° produced in hydrogen the event will be 
attributed to H only if the decay y is converted in the chamber. Two such 
events were found. As carbon events will be labelled all the following A® 


producing events: 
3) x + p(bound) — A® + 0°. 
4) 5) — X° + 6° followed by 2° conversion or decay. 
9) — X + K' followed by X conversion. 
6) 7-+n(bound) +2 + 6° followed by =X conversion. 


(All of these reactions can be accompanied by the emission of one or two 7's.) 
Before giving the ratio between the carbon and hydrogen-produced A° 
we must correct for two effects: 


a) Some of the A® produced in carbon will satisfy within the limits of 
error the kinematics of reaction 1). The percentage of such events can be 
deduced from the analysis of 2 V carbon events (5). It was found that in 
(44 + 8)%, of the 2 V’s carbon events in which no extra prongs are visible at 
the x interaction point, the A° satisfy within the measurement errors the 


| 
| 
2) mr + p (free) > X° + 0° followed by X°+y+4A°, y not converted: | 


kinematics of an hydrogen event. If the 0° had not been seen, such events | 


would have been classified as hydrogen ones. 


b) The A® produced in hydrogen in reaction 2) must be separated from 


the ones coming from carbon nuclei. This can be done statistically using the | 


quoted ratio 


The correct yields of single A° from hydrogen and carbon are therefore obtained | 
solving the linear system: 


Nous Ni Ne 8 
Nos ae 
“We Sa 33 Nee 
iN ues = VALE 
NG = Ny ieee N; ,,= 78 
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The ratio of the total yields from carbon and hydrogen and the cross-section 
ratios are also given in Table IT. 

Since the cross-sections in H at this x energy are known (5), this allows 
an estimate of the cross-section for A° production in carbon. 

The result, as reported in Table II, is in good agreement with the data 


obtained at slightly different energies (7%). 


4. — Characteristics of A° origins. 


The 106 x stars from which a single A° was emitted have been analysed. 
The momentum of the charge prongs has been obtained from curvature and/or 
range measurements, the sign of the charge has been assigned and whenever 
possible, the particle identity has been established from range and/or ionization 
vs. Momentum measurements. 

The characteristics of the stars are reported in Table III (*). The main fea- 
tures which can be deduced are: 


TABLE III. 

Evap- Fast protons m™ With of K+ with or | x* with or | 

oration | with or without without | without without | Stop. 

only evaporation evaporation evaporation |evaporation 
| 214 (2) NA) 
with with si with with | with | 

fast p Ke nt | fastp | nt | 

| 22 8+(2) 63) 114-3) .\ 2: sedi Sti) 37 


The sum of the frequency of the reactions: 


1) a) x-+ p(bound) + A°+K*+ x 


b) = >) Ks a 


is ~10°% of all the A‘ producing reactions in carbon. From charge independ- 


(7?) T. Bowen, J. Harpy, G. REYNOLDS, C. R. Sun, G. TAGLIAFERRI, A. WER- 
BROUCK and W. A. MoorE: Phys. Rev., 119, 2030 (1960). 

(8) H. BLruMENFELD, W. CHINOWSKY and M. LEDERMAN: Nuovo Cimento, 8, 
296 (1958). 

(‘) Numbers in parentheses indicate uncertain identification and are included for 


upper limits. 
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ence considerations we deduce that the frequency of the reaction: 
2) x-+ p (bound) > A°+ 0°+ 7° 


is equal to the frequency of reaction 1 a) and therefore is <10%. 
The remaining yield of x (7+(5)/106) events are most probably due to 
reactions: 


3) a) nr + n (bound) > A°+ 6 + x 
b) > 20404. 


From the percentage of stars from which a K* and no z are emitted we 


can deduce an upper limit for the conversion ratio of X7 to A° if we assume 
that such events are all due to reaction: 


4) + p (bound) > K* + =~ followed by 2° + p > A°+n 
in nuclear matter. The total number of A° produced can indeed be written as: 
N no = 155 = Nola + Ny a0 + C.R. XNs- ; 


where N,. direct are the A° directly produced, Ny. ,,. are the A originating 
from 2° through conversion or decay, N,- are the produced in the reactions: 


4) r+p>Kt+X. 


5) mt+N>O0+ 2-7. 


and C.R. is the probability for a =~ to be converted in the carbon nucleus 
of production. 
From the number of « K* no x» stars we know that: 


C.R.XNs-r:<14 +4. 


It follows that: 
ee) 
o(2°K*) 


O A° direct t OIL AI 
C.R.xo(2 -K*) 


a 


++ 


and substituting the know cross-sections values (*) 


\ 9 +0.15 
CR 0? MF ET 


(*) The cross section for reaction (5) has been obtained from charge symmetry. 
The value taken is ogoy-=(0.15-+0.5) mb obtained by Brown et al. (*) at 1.1 GeV 
m energy. As can be checked the result is not very sensitive to this value. 


(°) J. L. Brown, D. A. GLASER, D. I. Meyer, M. L. PERL and J. VAN DER VELDE: 
Phys. Rev., 107, 906 (1957). 
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which corresponds to a total cross-section for the processes (7): 
6) X+p—>A%+n, 


Ox0_,jo< (38 + 24) mb. 


5. — Missing momentum anaiysis. 


On 80 of the 2 V’s events found both on the 1.2 and 1.3 GeV film, the A° 
and 0° momentum and angle of emission were measured with sufficient ac- 
curacy as to allow a meaningful estimate of missing energy and missing 
momentum. 


On 28 of such events the missing energy (defined as: W,,,,, =Wrt Wat 
—W,.+M,, where W is total energy and M, is the proton mass) was found 
to be greater than the x* mass. There is no significative difference between 
the percentage of such events at the two energies (14/43 at 1.2 GeV and 
14/37 at 1.3 GeV). If we average the results we obtain an upper limit for 


the percentage of events in which a z-meson is emitted N_/N..ta<35 %. 


5 3 (2/A2W) “A 00! 0021 000! 008 009 007 007 0 
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Pri (MeV/c) 
Bu Mile Distribution of 145 A° produced in carbon, as a function of laboratory mo- 


mentum (pa) and angle of emission (0). The curves are momentum ellipses for the 
reaction x +p—>A°+ 6° with #,-=1.3 GeV and pr=0, +200, — 200. 
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On the remaining 52 events the missing momentum was estimated in order 
to see what percentage of such events is compatible with a one-nucleon re- 
action. The upper limit of the Fermi momentum of the target nucleon was 
taken to be P,=250 MeV/c. In 25 of the 52 events the missing momentum 
could be made to be <250 MeV allowing for experimental errors. This sets 

a lower limit of 50% to the events in 


20 which a secondary interaction has oc- 
N 


‘a cured inside the nucleus. The choice of 
the upper limit for the Fermi momentum 
is of course rather arbitrary but in most 
of the discarded events the missing mo- 
menta are well above this limit (Fig. 2). 
Moreover it must be pointed out that 
for the events compatible with one- 
nucleon reactions the missing momen- 


10) 


o 200° 400 600800 1000 1200 tum distribution is not isotropic (as 

Missing momentum p,,(MeV/c) should be expected for nuclear motion) 

Fig. 2. - Missing momenta distribution but is peaked in the forward direction 

(absolut value). (13 events forward and 9 backward). 

This indicates that even this sample 

contains some event in which one of the strange particles has suffered a sec- 

ondary collision. While the &° + A° decays will reduce the forward peaking 

of the missing momentum distribution, this effect will not, in general, cause 
a double event to become incompatible with a single-nucleon interaction, 

In Fig. 1 the distribution of all the 145 A° produced in carbon by 1.3 GeV 

x is given as a function of the momentum and production angle in the L.S. 

In Fig. 1 momentum ellipses for the reaction 7-+p > A°®+ 0° are also plotted 

for the cases in which the momentum of the target is pr= 0, +200, —200 MeV/e. 


6. — As polarization. 


61. Along the normal to the production plane. — It is an experimentally well 
established fact (**) that a A° produced in the reaction 1) m+ p > A°+ 0° is 
polarized at least for xm energies up to the one we are dealing with. The 
establishment of A° polarization was a by-product of the experiment to 
check parity nonconservation in the decay of A°particles. As is well known 
this experiment consisted in measuring the up-down asymmetry of the A°-decay 
particles with respect to the A° production plane. The asymmetry has the 
form 1+-«P cos@ where 0 is the angle between the decay particle (say the x) 
in the A° c.m. system and the normal to the production plane, « is the asym- 
metry coefficient defined as «= 2 Re (4A*-B)/(|A|?+|B|?) and P is the A° 


= 
a 
Lu 
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spin polarization along the normal to the production plane. The average 
value of «P in the = energy interval 910 to 1300 GeV is axP—20.4 + 0.1 (3). 
A recent independent measurement of the asymmetry coefficient gives the 
ralue (5) x=— 0.75%635 which leads to a value of the average polarization P 
very near to 1. 

Recent experiments have measured the up-down asymmetry of A° pro- 
duced by x in heavier elements (such as iron (#°), lead (7), copper (1!) and 
xenon (1?) at m energies comparable with those of the H experiment, and A° 
produced in propane (!*) at higher energies ((7 +8) GeV); all these experiments 
gave a value of «P compatible with zero. For the heavier elements this result 
was attributed to the depolarizing effect of secondary interactions inside the 
nucleus. The result in propane could be interpreted as an indication that 
the polarization of the A° produced in reaction 1) decreases with increase 
of the m beam energy. On the other side since most of the A° produced in 
propane arise from carbon nuclei one might wonder how much rescattering, 
in this small size nucleus, can be responsible for the result. 

A re-examination of the existing data for A® produced in carbon give no 
conclusive result since such data are scanty and quite dishomogeneus. Since 
most of the working bubble chambers are propane ones, it seems important, 
from an operational point of view, to establish if one can use carbon nuclei 
as a source of polarized A°. 

The main purpose of this experiment was the polarization analysis of A° 
produced in carbon by x of 1.3 and 1.2 GeV, that is at an energy at which 
we know that the A° produced in H is polarized. 

We define as production plane, the plane (*) ?, Xx, where ?, and are 
unit vectors along the direction of the incident x (~,) and of the emitted 
A°(,) in the laboratory system. This is the true production plane only if the 
target nucleon is at rest. In a complex nucleus however the target nucleus 
is in motion due to Fermi momentum and the true production plane depends 
also upon p, where p, is the momentum vector of the target nucleon. 
WERBROUCK (1) has recently calculated the projection of the spin onto the 
direction Ÿ, X po, as a function of the A° c.m. emission angle. The result of 
his calculation for 1.3 GeV and for a Gaussian distribution of the Fermi 


(19) E. BoLpT, H. $. BRIDGE, D. 0. CALDWELL and Y. PAL: Phys. Rev. Lett., 1, 
256 (1958). Also E. BorpTt: Ph. D. Thesis. 

(1) G. R. KALBFLEISCH: Phys. Kev., 121, 1544 (1961). 

(22) E. V. KuRZzNETZOV, I. A. IVANOVSKAYA, A. PROKESH and I. V. CHUVILO: Proc. 
of the Rochester Conf. (1960), p. 384. 

(13) M. I. SoLoviev: Proc. Rochester Conf. 1960, p. 388. 

(*) In what follows we will often — for brevity — refer to the plane defined by two 
vectors a and b and the normal to which is directed along a x b as to « the plane a x ò ». 

(14) A. E. WERBROUCK: Phys. Rev., 120, 1463 (1960). 
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is reported in Fig. 3. If we take into account the A° c.m. angular distribution 
it turns out that only in ~10% of the cases the projection of the spin along 
the direction ~,X fz is <90% of the spin value, the more affected being A° 
of very low and very high momentum. 
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Fig. 3. — Spin projection along the directions p, Py and pyX pa as a function of 


the c.m. A° production angle. 


In Table IV are reported the results of the asymmetry measurements. 


Columns ITT and IV refer to the up-down asymmetry which is given in terms 
of the pseudoscalar: 


where p,, p, are momentum vectors of the decay x in the ls. ( P:) and in the 
c.m. system (p,). 
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If in order to increase the statistical weight we use all the events (which 
seems quite reasonable due to the little spread in energies) we find no evidence 
that the A° is polarized along the direction ?, x P,. Target motion can clearly 
not account for such a strong depolarization effect. The depolarization mecha- 
nism must be searched for in: 


a) scattering of the incident x in nuclear matter, previous to the strange 
particles producing interaction ; 


b) secondary hyperon interactions. 


An effort to separate the effects of a) and b) has been done defining for 
the 2 V events the plane fy. X Py. as the production plane. In this case only 
strange particle interactions are responsible for the depolarization, which 
appears to be still a rather large effect. The result is however affected by 
low statistics. 

BoLDT et al. (*) and BowEN et al. (7) have found a finite polarization for 
A° in the range of momentum 700<p,<1000 MeV/c. This is of course to be 
expected for two reasons: 


1) The selection criteria favours directly produced A°. 


2) The depolarization of such events due to target motion is ~ 0. 


There is an indication of such effect also in our data. 


62. In the production plane. — SALMERON and ZICHICHI (5) re-examining 
a sample of cosmic ray-produced A° have found evidence of a forward-backward 
asymmetry in the c.m. angular distribution of the decay particles with respect 
to the A° laboratory line of flight. This has given rise to speculations whether 
this could be considered as an indication of parity non conservation in strong 
interactions. It is well known (*) in fact that if parity is conserved in reaction 1) 
the polarization of the A° (if any) should be directed along the normal to the 
production plane. The presence of a component of the polarization on the 
plane of production would indeed prove the existence of a parity non con- 
Serving term in strong interactions. F. S. CRAWFORD et al. (1) have found no 
evidence of forward-backward asymmetry for A° produced in hydrogen by z= 
in the energy range 910 < E_-<1300 MeV. 

The sample of A° studied by SALMERON and Zicnicnt differed from those 
studied by CRAWFORD et al. in two respects: 


1) The energy of the primary particles. 


€ 


2) The nucleus in which the A° was created. 


(5) R. A. SALMERON and A. ZicHicHi: Nuovo Cimento, 11, 461 (1959). 
(16) F. S. CRawFORD jr., M. CreEstI, M. L. Gocp, K. GOTTSTEIN, E. M. Lyman, 
F. T. Sotmirz, M. L. STEVENSON and H. K. Ticno: Phys. Rev. Lett., 2, 517 (1959). 
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The results could then be accounted for in two ways: 


1) The reaction from which the A® was originating was essentially 1) 
(the nucleus being rather transparent to produced A°). The backward-forward 
asymmetry arises from the energy-dependent parity nonconserving terms in 
interaction (1). 


2) The measured A°’s originate mainly from secondary interactions inside 
the parent nucleus. In this case if the hyperon produced in the 77 primary 
interaction has spin directed along the normal to the production plane 
(as seems to be the case from the results of the H experiment) the secondary 
interaction, just because it changes the hyperon’s direction of flight will give 
rise to a spin component along the A° line of flight. The presence of a finite 
forward-backward asymmetry on a sample of A° produced in complex nuclei 
could therefore be due to the characteristics of the secondary interactions and/or 
to the selection criteria of A° events. 


Almost no detailed information is available about hyperon-nucleon in- 
teractions. As to selection criteria, in order to avoid identification diffi- 
culties one is forced to limit himself to the study of low momentum A° 
(p\o<1000 MeV/c). In this way one will select preferentially backward emitted 
and secondary A°. The more so, the upper the incident beam energy. For 
this reason, if a finite polarization along the laboratory A° line of flight should 
arise from such a selection criteria, this effect should be enhanced at high 
energies (*). 

In the course of this experiment the forward-backward asymmetry has 
| been measured on 252 A° originated in carbon nuclei. The results are reported 
in Table IV columns V and VI and in Fig. 4 in terms of the scalar 


2 


(Ps Ps) — nWa 


cosy = 
Here pe ) 
where 
DI de 3 yp =7 = D (W., Ws; total energies). 


There is a slight indication that a forward-backward asymmetry of the 
same sign as the one found at higher energies is present. If however one takes 
into account the loss of events in which a short 7 is emitted (p_-<60 MeV/c), 
comparing the loss of such events with that expected for a c.m. isotropic 
- distribution, one finds a result which is compatible within the limit of error with 


(*) The author wishes to thank Dr. CroccHETTI for many clarifying discussions 


on this subject. 
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4 a zero forward-backward asymmetry (*). This way of correcting is questionable — 
since it implies isotropy in the decay particle c.m. distribution. An independent 
fp way of estimating the loss of events with a short 77 was to check the fre- 
quency of such A° in the 2 V events where a A° has a much higher proba- 


È ry the frequency in single A° events. 
si i iù) The result was: 4/66 for 2 V events and 
Te 3/186 for single A° events. The limitations 
Me. a due to low statistics are evident, however 
ay Me it is a striking fact that the frequency of 
2 ty 7 short 77 A° is much higher for 2 V events 
ale than for single A° events, and, moreover, 
I is nearly that expected for an isotropic 
17 c.m. decay distribution (see also Fig. 5). 
The conclusion is that we can not 
10F exclude that the forward-backward asym- | 
metry we measure is explained by a A° | 
% 5 detection bias. | 
fe The left-right asymmetry has been | 
We ii à | : à à à | | also measured in terms of the scalar 
si A Ot OA WeSC mano) Le x he 
i te __ Ps" ((P1 X Pa) X Pa) 


Fig. 4. — Distribution of A“ as a fune- 
tion of cosg where y is the angle 
between the A° laboratory line of 
flight and the decay + line of flight 
in the A° c.m. system. Dotted line 
istogram, a'l events; full line istogram 
events with 300 < p\1 < 800 MeV/c. 


Fig. 5. — Distribution of A° as a 
function of cos y (2 V events only). 


bility of detection, and to compare with 


cos È rs SS 
Ps |P1X Pa] 

The results are reported in columns 
VII, VIII of Table IV. The angular dis- 
tribution is symmetrical. This does not 
mean much since the direction with respect 
to which the angle È is measured is not 
related significantly to any true right-left 
polarization at production, as a conse- 
quence of secondary interactions. 


The main part of this experiment has 
been done at Princeton University. The au- 
thor wishes to thank Dr. G. REYNOLDS for 
hospitality in his group and Dr. T. BOWEN 
for his help and encouragement throughout 


(*) This loss affects also cloud chamber results since the ionization of the two 
prongs is very similar and the events can be mistaken for large angle scattering. This 
kind of bias has not been taken into account by SALMERON and ZICHICHI. 
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_ the work. The author wishes also to thank the Columbia group for lending 


| the film and the spatial reconstruction program and the Columbia and Pisa 


. group for making their data available. 


The author is also indebted to Drs. CIOCCHETTI, GARELLI, SEIDLIZ, SUN 
and WERBROUCK for many helpful discussions, to Dr. MARZARI for some help 


in analysing the data and to Miss JOAN WINTERS for her help in measuring | 
: and processing the data. 


lie 


RIASSUNTO 


Lo scopo principale di questa ricerca è lo studio della polarizzazione di A prodotte 
in carbonio da x di 1.3 e 1.2 GeV. Per analizzare la polarizzazione media di queste A° 
si misurano le asimmetrie nella distribuzione angolare del 77 di decadimento nel e.m. 
del A°. La distribuzione angolare è simmetrica rispetto al piano pri.eX Pao e al 


| piano (Princ Pac) X Par. Questo implica che le A° che noi misuriamo non sono, in 


generale, prodotte direttamente nella interazione di un x primario con un nucleone 
del nucleo di carbonio. Si trova che le interazioni secondarie di particelle strane hanno 
un forte peso in questo processo di depolarizzazione. È stata anche misurata l’asim- 
metria avanti-indietro (aP,) rispetto alla direzione del A° nel laboratorio. «P, è com- 
patibile con 0 quando si siano corretti i risultati per tener conto delle perdite di scanning. 
Dallo studio delle stelle di 7- da cui viene emessa un A° si deducono informazioni 
sulla frequenza delle varie reazioni che danno origine a un A°. In particolare si trova 
che la sezione d’urto per la reazione 2 +p— A®+n è oy-x<(38+24) mb. Dallo 


studio dell’energia e del momento mancanti negli eventi con 2 V® si apprende che la _ 


frequenza di reazioni secondarie nel nucleo di carbonio è > 50% 
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(La responsabilita scientifica degli scritti inseriti in questa rubrica ¢ completamente lusciata 
dalla Direzione del periodico ai singoli autori) 


Scattering of High-Energy Nucleons by Heavier Nuclei. 


T. TAKEMIYA 


Department of Physics, University of Kyoto - Kyoto 


Y. SAKAMOTO 


Yoshida College, University of Kyoto - Kyoto 


(ricevuto il 29 Aprile 1961) 


In the previous paper (1), we have investigated the differential cross-sections 
of high-energy nucleons elastically scattered from heavier nuclei. In the analyses 
of the experimental data, we have found that, by using the impulse approximation, 
the experimental differential cross-sections are explained by superpositions of 
amplitudes for the scattering of nucleon by nucleons in the target nucleus which 
are multiplied by certain factors less than unity, and that the factors depend little 
on incident energies and mass numbers of medium and heavy weight nuclei. SASA- 
KAWA (?) explained the fact by using a certain model. He called the model the 
independent pair model. His result does not depend on mass number and incident 
energies. On the other hand, Kerman, McManus and THALFR (3) estimated the 
effects of pair correlations of target nucleons on the optical potential. 

Their results do not depend almost on mass number but on incident energies 
for the nuclei heavier than. about 4—100. The effects of correlations estimated 
by them act to decrease the magnitude of the cross-sections of the scattered nucleons 
at (90-- 150) MeV by only a few percent and to increase that at about 300 MeV 
by only a few percent. Then, even if one takes into account the effects of corre- 
lations, one cannot explain the discrepancies between the magnitudes of the experi- 
mental differential cross-sections and of the results calculated by using the optical 
model potential constructed by nucleon-nucleon scattering phase shifts which are 
equivalent to the results calculated in the framework of the impulse approximation. 

Empirically, the observed differential cross-sections are given by the products 
of certain factors and the differential cross-sections calculated by using the impulse 
approximation. The factors do not depend on the scattering angles at forward 
small angles. In order to interpret this fact, we introduce the effective nuclear 
potential for target nucleus. The effective nuclear potential is constructed by a 


(1) T. TAKEMIYA, T. SASAKAWA and Y. SaKamoro: Prog. Theor. Phys., 24, 1307 (1969). 
(?) T. SASAKAWA: Prog. Theor. Phys., 24, 241 (1960). 
(*) A. K. Kerman, H. McManus and R. M. THALER: Ann. Phys., 8, 551 (1959). 
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product of a factor exp [— a(r)/l] and U which is a parameter of RIESENFELD and 
WATSON (4) potential. The potential effectively perceived by the incident nucleon 
depends on the mean free path of the incident nucleon. The mean free path is 
related to the total cross-section of two-nucleon scattering, and depends on the 
incident energy. The mean free path is lengthened by the effects due to the Pauli 
principle. Generally, as the incident energy increases, the mean free path becomes 
larger and the potential effectively perceived by the incident nucleon becomes larger. 

The effects of pair correlations of nucleons in target nuclei may be taken into 
account within the effective potential. 

The mean free path I is given by (5) 


I il 
(1) TE RER 
020) (1 — 3(Ex/Ei)) 


where the second factor is caused by the Pauli principle, and o, is the total cross- 
section of two-nucleon scattering defined by the optical theorem 


4a 
(2) De Im {(4 + Z)A, + (A— Z)Ap}, 


where the notations dA,, 4, ete., have usual meanings, 0, is the nucleon density of 
the nucleus defined by 
3 


Se iy = Nha MO Ginn) 
4arò ® i 


(3) 20 


For the high energy nucleon elastically scattered from complex nuclei the po- 
tential may be constructed as follows 


x(r) 


(4) V(r) = Uo(r) exp - Tye 


9 


where x(r) is the distance measured from nuclear surface along the direction of 


the incident beam. 
Then, the amplitude of the nucleon scattered by the nucleus is given by 


(5) fer = — m > exp [— iAk-r] Uo(r) exp = ao dr. 
‘Then, the factor A(H#, A) is defined as 
(6) A(E, A) = fetilflo=o > 
where 
se rs exp [—iAk-r]Uo(r) dr . 


. FIESENFELD and K. M. Warson: Phys. Rev., 102, 1157 (1956). 
. GOLDBERGER: Phys. Rev., 74, 1269 (1948). 


Es 
EME 
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1(B, A) gives the amplitude of high-energy nucleons elastically scattered by 
heavier nuclei at very small scattering angles. Then the differential cross-section 


is written as follow 


do 


; ao al = 22 |j|?. 


The values of (E, A) are shown in the Fig. 1 for the incident energies E— 90, 
156, 310 and 340 MeV, respectively. The agreements between the experimental 
data and the results calculated by using eq. (7) are fairly good. 


0.5 


A (mass number) 
0 100 200 
Fig. 1. — The solid curves show the values of A(Æ, A). ©, x etc., show the points of experimental 


data divided by the parameter of RIESENFELD and WATSON (*) times mass number of target nucleon. 
Values of ÀA(E, A): © 95 MeV, x 135 MeV, A 310 MeV, O 340 Mev. 


The mean free paths are rather insensitive to the incident energies in the region 
from 150 to 340 MeV. This presumably arises from two compensating effects: the 
importance of the Pauli principle in excluding collisions is small at high energies and 
this tends to decrease the mean free path of the incoming nucleon. On the other hand, 
the total elementary cross-sections decrease with increasing energy, this effects 
tending to increase the mean free path. Then the mean free paths are not so varied 
with the incident energies, therefore the factors 1(Z, A) are not so varied with energies. 

In the above treatment, we have neglected the effect of multiple scattering, 
the error introduced by multiple scattering is a,/2k/? (f), where /=mean free path 
and a,=mean scattering length, and one obtains about 11% at 90 MeV, 6% at 
156 MeV and 3% at 310 MeV, respectively. Then the effect of multiple scattering is 
expected to be small. 


(*) G. F. CHEW and G. C. Wick: Phys. Rev., 85, 636. (1952). 
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Isotopic Spin Relations in Hyperon Production. 


A. SALAM 


Imperial College - London 


J. TromMNo 


Centro Brasileiro de Pesquisas Fisicas 
Faculdade Nacional de Filosofia - Rio de Janeiro 


(ricevuto il 12 Agosto 1961) 


Experiments on S-K production on 
hydrogen for pion incident energies 
around 1 GeV seem to indicate that (1?) 


(1) VO Mo Vin 20, 3 


where: 
Gs >T4+-poK4 +34, 
c, >7-+p Ko +20, 
o_>n_+p ~K,+%_. 


Isotopic spin analysis would predict 
only an inequality whereas experiments 
seem to show an equality in (1). 


(1) F. S. CRAWFORD, R. L. DouGLass, M. 
L. Goop, G. R. KALBFLEIScH, M. L. STEVENSON 


and H. K. TicHo: Phys. Rev. Lett., 3, 394 
(1959). 

(2).C-BaLray, H. COURANT, W. J. FICKIN- 
GER, E. C. FowLER, H. L. KRAYBILL, J. SAND- 


WEISS, J. R..SANFORD, D. L. STONEHILL and 
H. D. Tarr: Rev. Mod. Phys., 33, 374 (1961). 
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The general amplitude r+ W> K+ 
can be expressed as 


(WV |An- 2+ iBtns 2K). 


— 
bo 
— 


In perturbation calculations A and B 
are real. Thus the experimental results 
can be understood in the form that the 
non-t-spin-flip amplitude Aw O-and only 


. the i-spin-flip amplitude B contributes 


to the production process at these 
energies. 
If A = 0 we have even a more con- 


stringent relation there (1): 
(3) RR. 


Relation (3) is indeed favored by the 
experimental results (*) (Fig. 1). In the 
following we try to find the implications 
of this result on the basis of simple 
perturbation ideas. 

Assuming even Z-A and K-z parities 
we have three graphs given in Fig. 2. 
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These give 
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A. SALAM and J. TIOMNO | 


It is interesting to mention that 
relation (5) corresponds to Gell-Mann’s 
D-coupling in the unitary theory (*), as 


IgsN 77 V39gA N? 


è II 
9/. /9 
Ise IV39 yn 


The angular distribution is however 
roughly isotropic. 


e 0, (Baltay et al.) 
o o. (Crawford et al) 
(Crawford etal.) 


1.0 


Fig. 1. - Angular distributions in 7++p +K+Y reaction at 
CÈ 
section is divided by 2. 


where p’s are the corresponding 4-mo- 
menta and we have neglected A-» 
mass difference. For the energy region 


| 
L 
| 
| 
I I 
! | 
' | 
| 

4 
== | 
| 
cos@y,, (C/M.) | 

= 1 1 
0 -10 
1.08 GeV (Lab.). The XYZ, cress- 

1 
1 


In addition to the three graphs of 
Fig. 2 there is a fourth graph (Fig. 3), 
with a K* exchange (*) which contributes 


Tip. 2, 


considered py*Pr/Py'Pr © % Thus we 


may conclude that 
Is yp 3 Jay 
(5) KIN Abr 
IRAN : I yer 


3) 


- Feynman diagrams for £ production. 


(3) M. GELL-MANN: The Hight-Fold Way, 
California Institute of Technology report (1961). 

(*) M. AISTON, L. W. ALVAREZ, P. EBER- 
HARD, M. L. GooD, W. Graziano, H. K. Trcxo 
and S. G. WoOJCICKI: Phys. Rev. Lett., 5, 520 
(1960). 
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to both amplitudes A as well as B. 
If spin of K* is unity or if K* is scalar 
this will lead (as for K-X production (5)) 
to a forward peaking of K-mesons. This 


Fig. 3. — Diagram for Y production with inter- 
mediate K*, 


type of peaking does seem to show itself 
for a KA-production only at higher 
energies (1.3 GeV (7*)). This seems 


(5) M. GELL-MANN and J. TIOMNO: Proc. 
of the 1960 Annual Intern. Conf. on High-Energy 
Physics at Rochester (New York, 1960), p. 508; 
A. SALAM and J. ©. WARD: Phys. Rev. Leti., 
5, 390 (1960). Also J. TIOMNO, A. VIDEIRA 
and N. ZAGURY: Phys. Rev. Lett., 6, 120 (1961); 
M. BEG and P. DeCELLES: Phys. Rev. Lett., 6, 
145 (1961): © Coan: Phys. Rev. Letti, 6, 383 
(1961). 
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to indicate that NXK* coupling is 
energy-dependent and our neglect of 
this around 1 GeV may be justified. 

When A-X parity is odd an K-x even 
the experimental relation (1) can be 
obtained only if the K* graph is no 
longer neglected. The relations of coup- 
ling constant are not any more simple. 
The angular distributions of K’s may 
now be peaked backwards at H,~1 GeV, 
the forward peak due to the K* graph 
becoming important at higher energies, 
as indicated by the experimental re- 
sults (1:2:6), 


OK OK 
We wish to thank Prof. R. G. Sacus 


for the hospitality of the Summer Insti- 
tute for Theoretical Physies. 


(SO Mi Ir SOLOVIRY: 
chester Conference, p. 388. 
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Total Inelastic Cross-Section for Negative Pions 
and Protons in Cu, Cd, and Pb at High Energies. 


R. N. Peacock, B. HAHN, E. HUGENTOBLER and F. STEINRISSER 


Department of Physics, University of Fribourg - Fribourg 


(ricevuto il 13 Settembre 1961) 


Total inelastic cross-sections have 
been measured in Cu, Cd and Pb 
absorbers for negative pions of 6.0, 11.3, 
16 and 17.6 GeV/c, and for protons 
of 24 GeV/c. The three absorbers, each 
15.0 mm thick, 70 mm deep, and about 
30 mm long, were mounted on an alumi- 
num alloy bracket in a 16 em diameter 
Freon bubble chamber (') as shown in 
Fig. 1. Using a collimated beam as 
large as the absorber assembly, data 
could be obtained simultaneously for 
all three metals. As contrasted to counter 
methods the use of a bubble chamber 
to measure tedious 
if good statistics are necessary, but it 
has the advantage that the processes 
causing absorption of the beam may 
be identified when desired. 

The particle beams used were from 
the CERN proton synchrotron. 


cross-sections is 


In’ cor: 
recting the data the muon contamination 
of the pion beam was taken as 5° 
The proton 


) 
Os 
beam was essentially pure. 


Further information on certain beams 
from the CERN proton synchrotron, 
and some absorption cross-sections 


(*) B. Hann, A. W. KNUDSEN and E. Mu- 
GENTOBLER: Cimento, 15, 236 
(1960). 


Suppl. Nuovo 


measured by counter methods are given 
by von DARDEL et ‘al. (?) and by ASH- 
MORE et al. (3). 


Kiel 


Arrangement of the bubble chamber 
with absorbers in position. 


The seanning procedure was simple. 
Using a suitable mask to identify the 
metals in projection, the number of 


(?) G. VON DARDEL, D. H. Friscu, R. MER- 
MOD, R. H. MILBURN, P. A. Prroun, M. Vrv- 


ARGENT, G. WEBER and K. WINTER: Phys. 
Rev. Lett., 5, 333 (1960). 
(*) A. ASHMORE, G. Cocconi, A. N. -Dip- 


DENS and A. M. WETHERELL: Phys. Rev. Lett. 
5, 576 (1960). 
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TOTAL INELASTIC CROSS-SECTIONS FOR NEGATIVE PIONS ETC. 


entering particles and the number of 
inelastic events for each absorber were 
collected in a register system. In general 
the scanning was done with a single 
view since 


stereo was not necessary. 


Checks made by scanning a particular 


section of film using several people, 
and the good agreement of results 
obtained by different scanners, have 


confirmed that the scanning errors were 
small. 


| 
Il 


6.0 | w- | 675+30 | 1.164 
| 


03 | 1230+50 
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of the cross-sections may be obtained 
by averaging the » values for the 
various metals at each momentum. 


The results are: 


6.0 GeV/c: r,—(1.22+ 0.02) fermi; 


11.3 GeV/e; 75> =(1.21+0.03) fermi; 


17" GeV/c; m=(1.24+0.03) fermi; 


24 GeV/c: 79=(1.24+0.02) fermi . 


TABLE I. — Inelastic cross-sections. 


Momen- Par Cu Cd Pb | 
| ae ticle O'inel ro Ginel Ta oa Po 
3 (mb) (fermi) (mb) (fermi) (mb) (fermi) 


L80104 [1610-2480 1212074 


11.3 | x- | 616+60|1.11+.06 | 


1120-2807 | 1.24-= 106 


1830+ 130 


16, 17.6| x |-672-40 | 1.16.04 


24 | p 


1240-+ 70 


1146 + 40 


1.29-+.06 


1700+120 | 1.24+.06 


24 GeV/e p 


— —_— na les 


Results for the total inelastic cross- 
sections are shown in Table I. The 
errors stated are statistical only. The 
statistics obtained are not adequate to 
show a variation of the cross-section 
with energy, or a difference between 
the results for pions and protons. Values 
for r, are also given, computed assuming 
that the cross-sections obey a arp 45 law. 
The absorption cross-sections found for 
these metals by the CERN group (*) 
are included in the table for comparison. 

Further evidence for the constancy 


(4) A. ASHMORE, G. Cocconi, A. N. Dip- 
pENSfand A. M. WETHERELL: CERN Report 
SC 60-11 (much of the information in this report 
is included in the preceding reference). 


pe 2 du 7 = | 2= es SFL = ee 3: 
Cern results | 740 +20 | 1180+25 1750+ 30 


Thus, within statistical errors, the y, 
values are constant in the momentum 
range of 6 to 24 GeV/c. 

The use of a Freon bubble chamber 
made it possible to include an estimate 
of the the 


contribution of processes 


p+p (or n)+p+p (or n)+7°, 
and 


m-+p (or n)+x-+p (or n)+7°, 


to the total inelastic cross-section (5). 


As seen in the chamber these events 


(5) G. CocconI, A. N. DIDDENS, E. LILLE- 
THUN and A. M. WETHERELL: Phys. Rev. Lett., 
6, 231 (1961). 
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are often indistinguishable from elastic 
scattering, especially when the interaction 
takes place in an absorber. However, 
the average pair conversion length in 
Freon for y-rays of the energy concerned 
is about 16 cm, enabling detection of 
the inelasticity 60% of the time. Such 
events were detected in two steps: 
in the first, possible events with projected 
scattering angles greater than 10 mrad 
were recorded during the general scan- 
ning; in the second, a search was made 
for 7° production without visible deflec- 


tion of the entering track. For the 
latter method 3-108 negative pion 
tracks and 104 proton tracks were 
examined. 


In the scanning of the 10! proton 
tracks nine electron pairs were found 
that were probably aimed at primary 
protons passing through the absorbers. 
All cases with electron pairs were exam- 
ined on two views, but a background 
of electron pairs was present, making 
it somewhat difficult to be sure of the 
origin of a low-energy pair. Seven ot 
these electron pairs were of low energy, 
50 MeV or less. Only two pairs had 
an energy greater than 500 MeV, and 
one of them was accompanied by 50 mrad 
scattering of the primary proton. All 
events showed but a single electron 
pair, making it qnestionable that 7x°- 


HUGENTOBLER and F. STEINRISSER 


{ . : De ie 
, Cr 
4 


decay was the only source of electron 
pairs. Based on this data plus that 
from small angle one-prongs found in 
normal scanning, the processes 

p+p (or n)+p-+p (or n)+7°, 
were assumed to contribute 2%, of the 
total inelastic cross-section. The results 
for pions are the same. 

The 311 one-prongs 
negative pion scanning were carefully 
examined a second time for electron 
pairs. Twelve electron pairs were found, 
or, correcting for the pair conversion 
length, 7% of the one-prongs were 
inelastic. The projected scattering angle 
was required to be greater than 10 mrad, 
except for Pb at 6 GeV/c where only 
deflections greater than 20 mrad were 
accepted. 


found in all 
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ularly Mr. J. GEIBEL, for making it 
possible to operate our chamber at the 
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especial help in setting up the beams. 
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On the Decay X°- A°- - in the Charge-Independent Pion Interaction. 


P. PRAKASH (*) 


Centro Brasileiro de Pesquisas Fisicas - Rio de Janeiro 


(ricevuto il 23 Ottobre 1961) 


X° is known to radiate rapidly into A° and a photon with a lifetime 7 < 10719 s. 
The decay is possible due to the anomalous EVA magnetic momentum generated by 
the pion and K meson-cloud around these particles, e.g. 


DO nt+X*+y>A%4y, X2°+K+p+y>A%+y, KT ty AS. 
The knowledge of this anomalous magnetic momentum is also important for the 
associated decay Y2°— A®+et+e~ which has been proposed for the determination 
of the XA parity (2). : 

The pion interaction in the charge-independent form and consequently in the 
Doublet Approximation (?) of TIOMNO, GELL-MANN and Pats does give rise to an 
anomalous Y°A° magnetic moment and hence the decay %®— A®+¥y contrary to 
the implied forbiddenness in Pais’s paper (*). The magnetic moment contributions 
being due to the isovector pion and Y currents (in the usual charge-independent 
scheme) is expected to be of the order of magnitude of the nucleon magnetic 
moments where the main contribution is known to come from the isovector part (**). 

The charge independent strong interaction of pions and baryons is written as 


(1) iGNity;N,-7 + iGNxcy;Ny:r + GET Ant + SP A0m + STAN) + hie. + 


jE Ly re 


(*) Supported in part by the Conselho Nacional de Pesquisas of Brazil. 

GC) G. FEINBERG: Phys. Rev., 109, 1019 (L) (1958); G. FELDMAN and T. FuLTON: Nucl. Phys., 
8, 106 (1958). 

(2) J. Tiomno: Nuovo Cimento, 6, 69 (1957); M. GELL-MANN: Phys. Rev., 106, 1296 (1957) 
and A. Pars: Phys. Rev., 110, 574 (1958). 

(3) A. Pats: Phys. Rev., 112, 624 (1958). 

(**) We can write the anomalous magnetic moment as y us +414 where 7, is the third 
component of isospin matrix. Then for nucleons / = fs + fw 1.79; “= Ms — fo = — 1.91 giving 
us= —0.06 and y» — 1.85 in nuclear magnetons. 
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where NV, = ( | N iS | and [’=1 or iy;. The doublet approximation is obtained 
n E 


6 = . “ye 4 . Y Yo a 4 
by assuming (A, Y and N having same parities) [=ty;, G,=—G,—G, neglecting the 
( ti SEA 
Di 1 i À € x r x * AT ii 
mass difference between © and A and writing the mas two doublets (*) N,— val % 
Ù a . . 
Ne 3 | where Y°=(A®° — 20)/4/% and Z°—(4°+21)/4/2. The strong interaction 
ees 


can then be written as (**) 


(2) [GN tysNy sl G(Nyty5] nt NytysNs) sh GNT y Na] pau 


The interaction with the electromagnetic field is written as 


* A cia 
4 OT + * OIL! re 9 
Jakes = CA | ae eae 3 A, pe@ntatA, 
ele DA 
VEN VERE ay aa 
der te(Pyul DÉS Va Z > Vu SE \A 


Vv tie = PEAR 
= N3Vu gni Ns + N 4Vu | a NG A, = 


The last two terms in this form can be combined to give the form — €- 24,05 ZA > 
where gp are the isospin matrices for isospin one. 

The anomalous magnetic moment À calculated from the Feynman graphs shown 
in the Fig. 1 is given by the following: 


0 sa 0 0 Des S% 
DI # ; VA E, È 1 
Sd, DI, +63 X +63 
@) b) 


Ripoli Feynman graphs contributing to the Z°A° anomalous magnetic moment. 


(*) When the relative parities of various baryons are different, a modified doublet theory 
can be developed using doublets which are eigenstates of parity. See a forthcoming paper. 

(**) It may be remarked that this form of writing the strong interaction is more general than 
the usual charge-independent theory interaction (1). For if G, # G, we obtain for the A and X 
interaction an additional term of the form: 


ME tiy,2° 


mt —E ip Ex) +c. +(Btiysh* +2 ip E-)r0 (Ep, 20+ Ady, A) n° + (Stiys Ant —E-iy, An-)]. 
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For the same Y and A parities //- + (pion assumed pseudoscalar) 


CON) ed] 
A= — MIT 
È 4x | (5) qi 


where y=m,/M and 


n* — 27? 7 
fim) = 1 — n° In n + ! i costi (3) o 
4 


V 41? — n° 


We neglect the mass difference of X° and A°. 


Kor Li —— (*) 
4 GG; | te 
(a= ~){ — ]- he 
È 47 | 2M}7 AE 


where 


fr D SELE Te (3). 
AV, Ae n? 2 


For 7=0.121 and 


; ‘G3G3\/0.849 
47 UT @ 
re in units of : 
G,G3\ /2.204 2M 
11=— A= +|— = 
T TT 
Thus 
A-/A, = — 2.595(G5/G,) 


where è is the energy of the photon. 


For 


For 


(2) (, being the YAr coupling constant in this case. 
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sé The author is grateful to Professor J. Tromxo for suggesting the problem. The 
_ author acknowledges gratefully several useful discussions with him and Professor 
J. Lerre Lopes. 
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=’ Decay of a ‘He, Hyperfragment (*). 


Y. W. Kane, N. Kwak, J. ScHNEPS and P. A. SMITH 


ee 


Department of Physics, Tufts University - Medford, Mass. 


i 

(ricevuto il 7 Novembre 1961) 

o 

# In a stack of Ilford K-5 emulsion In the case of reaction (1) the Q value 


pellicles exposed to an enriched 800 MeV/e turns out to be 34.2 MeV and the bind- 
| K~ beam at the Bevatron we have dis- ing energy of the A (1.5 + 0.5) MeV 
| covered an event which corresponds to (using Q=37.58 MeV). In the case of 
| the z*-mesonic decay of a He, hyper- (2), since there are two neutrons, we 
| fragment. The hyperfragment emerged can only give limits on the Q value and 
| from an Il-prong star produced by a binding energy. These are 19.9 <Q — 
j K -meson of the beam. The hyperfrag- — 26.2 and 3.4< B < 9.6. The measured 
1 ment track (F) had a range of 361 um, binding energy of *He, is (2.36 + 
was completely saturated, and showed -+ 0.12) MeV (1). Any other interpreta- 
scattering near the end which indicated tion of this event with one or more 
| that the fragment had come to rest. The neutrons can be ruled out because the 
È fragment decayed into two particles; a binding energies obtained are inconsist- 
particle of range 96.6 um (track 1) and ent with known values. 
| a m*-meson (track 2) of range 1693 um. As a check on the identity of the 
| The 7*-meson was identified by the fact hyperfragment we have made thickness 
that after coming to rest it underwent measurements on track #, track 1, and 
the characteristic r-u-e decay, the range a SLi track of dip angle 25° which was 
of the u-meson being 589 um. The meas- found in the same plate. Since the three 
urements on this event are given in tracks were nearby and were measured 


Table I. at the same time under equivalent con- 

There are only two possible interpre-  ditions, we expect any uncertainties due 
tations for this hyperfragment decay. to fluctuations in development or illu- 
These are: mination will be unimportant. Each 


track was measured from a point be- 
(1) ‘He,>ntnt+5H, ginning at 25 um residual range to a 
point corresponding to 68 um residual 
(2) 4He,>ntn+nt+7H. 


(4) R. AMMAR, R. LEVI SETTI, W. E. SLATER. 
(*) Supported by the U.S. Atomic Energy S. LIMENTANI, P. E. ScHLEIN and P. H. STEIN- 


‘ PAR RG: Nuov timento, LS 960). 
Commission. BERG: Nuovo Cimento, 15, 181 (1960) 
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TABLE I. — Measurements on tracks F, 1, 2. 


KANG, N. KWAK, J. 


SCHNEPS and P. A. SMITH 


Dip Angle in Dino Range Energy 
Thales angle of emulsion | (microns) Identity (MeV) 
(degrees) (degrees) | 
| = Les a is Sal» 
| ¥ + 24.5 = 361 | ‘He, 30.9 
1 + 15.4 0 96.6" | <8H “or 7H 5.2 or 4.5 
az — 47.3 8.6 1693 TT 8.4 


range, a total of 64 measurements being 
made on each track. The mean values 
of the thickness were found to be 
(0.75 + 0.01) um for track 7, (0.66 + 
E 0.01) um for track J, and (1.01 + 
+ 0.01) um for the SLi track. This result 


LI 


is consistent with the assignment of 
charge 2 for the hyperfragment track. 
This =t-mesonic deeay of a hyper- 
fragment in nuclear emulsion is only the 
second such decay which has been re- 
ported. The first was found in this labo- 
ratory three years ago (7), and could be 
interpreted as Li, >n+x*+ He, 7Be, > 
nr (li, or “He, > n-+n-+7'-+ 2H. 
Hyperfragment studies since then do not 
unambiguously indicate the existence of 
7Be,. Also, as DELOFF et al. (3) have 
pointed out, the probability of a °He, 
hyperfragment undergoing rt-decay is 
very small because the *He core is so 
Thus the “Li, interpre- 
tation seems most likely. 
Since the identification 
sonic decay in emulsion is quite easy, 


tightly bound. 


of a 7 T-me- 
it is fortuitous that the only two events 
which have been observed in emulsion 
were both in this laboratory. Therefore 
in attempting to obtain a rough estimate 
of the frequency of x*-mesonie decay, 
we have tried to use all the data on 
m decays which have been reported in 


(*) J. SCHNEPS: Phys. Rev., 112, 1335 (1958). 

(*) A. DELOFF, J. SZYMANSKI and J. WRZE- 
CIONKO: Bulletin de l’Académie Polonaise des 
Sciences, Série des Sciences Mathématiques, Astro- 
nomiques et Physiques, 7, 521 (1959). 


the literature by emulsion groups. The 
total number of =~-mesonic decays re- 
ported is about 400 (4). Thus the ratio 
of 7* to 77 decays for all hyperfragments 
is, on the basis of two events, 2/400 = 
=0.5-10-2. For the case of *He,, DE 
LOFF et al. (3) have calculated this ratio 
assuming that the 7*-decay arises from 
the X* virtual state of the A, and find 
that it is of the order of 10-?. On the 
basis of our one 7*-decay of *He,, and 
some 60 =7-decays reported in the liter- 
ature, the ratio is 1/60—1.6-10-2. 
DeLOFF et al. also predict that the 
mesons from r°-decays will generally be 
considerably less energetic than those 


(4) S. LIMENTANI, P. E. ScrtrIN, P. H. 
STEINBERG and J. H, RoBERTS: Nuovo Cimento, 
9, 1046 (1958); C. GrotE: Nuovo Cimento, 10, 
652 (1958); P. L. JAIN: Nuovo Cimento, 10, 
557 (1958);W. E. SLATER: Suppl. Nuovo Cimento, 
10, 1 (1958); R. Levi SETTI, W. E. SLATER and 
V. L. TeLEGDI: Suppl. Nuovo Cimento, 10, 68 
(1958); F. BREIVIK, O. SksEGGESTAD,.S. O. 
SÒRENSEN and A, SELHRIM: Nuovo Cimento, 12, 


531 (1959); S. Mora and I. ORTALLI: Nuovo 
Cimento, 12, 635 (1959); G. C. Deka: Nuovo 
Cimento, 14, 1217 (1959); J. Sacron: Nuovo 


Cimento, 15, 110 (1960); 
SETTI and W. E. SLATER: Nuovo Cimento, 15, 
181 (1960); M. TARER-ZADEH: Nuovo Cimento, 
17, 980 (1960); R. AMmMmaAR, R. Levi SETTI and 
W. E. SLATER: Nuovo Cimento, 19, 20 (1961): 
P. E. SCHLEIN and W. E. SLATER: Nuovo Ci- 
mento, 21, 212 (1961); Y. PRAKASH, P. H. STEIN- 
BERG, D. A. CIHANDEER and R. J. Prem: Nuovo 
Cimento, 21, 235 (1961). (This list does not 


R. AMMAR, R. Levi 


include papers published before the World 
Survey of LEVI SETTI, SLATER and TELEGDI 


since most of their events ere included in that 
survey). 
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from m -decays. This is because the > 


decay from a X+ virtual state involves 
the change of a proton to a neutron in 
the hyperfragment core. It is interest- 
ing to note that the energy of the x+- 
meson in these two events was relatively 
low, 13.8 MeV in the previously reported 
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The authors are grateful to Dr. E. J. 
LoFGREN and Dr. J. Murray for making 
possible the exposure at the Bevatron. | 
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Energy-Dependence of Fragmentation Parameters. 


D. E. 


Evans and R. 


R. HILLIER 


H. H. Wills Physical Laboratory, University oj Bristol - Bristol 


(ricevuto il 13 Novembre 1961) 


One of the basic problems in the 
theory of the origin of the cosmic rays 
is the interpretation of their chemical 
composition as observed from the earth. 
It is possible to make an estimate of 
their composition at the souree and the 
amount of interstellar hydrogen through 
which they have passed on their journey 
from the source to the earth by adopting 
some specific model for their propagation 
Any model of this kind 
so-called 


through space. 
(=) 

the 

parameters, P;;, which are measures of 


contains fragmentation 
the spallation products of heavy cosmic 
with inter- 

Normally 
an 


ray nuclei in interactions 
stellar 


caleulated 


hydrogen. P;;s are 
the 


nuclei in 


from analysis of 
fragmentation of cosmic ray 
interactions with the nuclei of elements 
present in nuclear emulsion. It is 
usually assumed that the fragmentation 
of energy 


but we believe that evidence exists which 


parameters are independent 


shows that this is not true. 

It is not easy to measure the energy- 
dependence directly. Most measurements 
of the P;;s have been made in emulsion 
stacks exposed at geomagnetic latitudes 
where the incident nuclei are all relativ- 
istic, since this facilitates charge measu- 
rements the The incident 


on tracks. 


nuclei have a wide range of energies but 


the fluxes are too small to allow sepa- 


ration into energy groups and at the 
same time to retain good statistics. 


The results averaged over the energy 


spectrum above 1.5 GeV/nucleon are 
not significantly different from those 
averaged over energies in excess of 


about 7 GeV/nucleon (1). 

The fragmentation in flight of cosmic 
nuclei is merely evaporation 

process taking place in a moving frame 

or reference, and is therefore exactly 

the same process as the evaporation of 

emulsion nuclei which have been excited 


ray an 


by bombardment with fast protons. 
Mono-energetic beams of protons are 


available from particle accelerators and 
they have been used to study the energy- 
dependence of the evaporation process. 


Conclusions can be drawn about the 
parallel process of fragmentation in 


flight from these studies. 

A parameter which has been used 
extensively to characterize the de- 
excitation of emulsion nuclei is the 
number, N,, of tracks with grain density 

- 1.4 Ymins emerging from disintegrations. 
Fig. 1 shows the N, distributions obtained 


by various investigators for incident 


(*) €. J. WADDINGTON: Progr. Nucl. Phys.. 


8, 1 (1960). 
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— Prong distributions of stars produced in nuclear emulsion by artificially accelerated 
The number of individual events contributing to each histo- 


gram is shown in brackets. The parameters N, and N, are defined in the text. 


proton energies of 0.4 (2), 0.6 (°), 0.95 (4), 


DO) OPO) eka Py (Oy Ec, In 
energy-dependence can be seen more 


clearly in the integral distributions. 
plotted semi-logarithmically in Fig. 2. 
The disintegrations produced by 0.4, 0.6 
and 2.2 GeV protons were detected by 
area scanning, and a scanning inef- 
ficiency may account for the lack of 


stars with N7=0,1 and 2. In the 
experiments using 0.4, 0.6, 0.95 and 
(CEA DD. SPRAGUB, DM HASKIN, BR. G- 
GLASSER and M. ScHEIN: Phys. Rev., 94, 994 
(1954). 
(@-W._ 0. Lock and P. V. MAROH: Proc. 


Roy. Soc., A 230, 222 (1955). 

(4) W. O. Look, P. V. Marcu and R. MCKEA- 
Gur: Proc. Roy. Soc., A 231, 368 (1955). 

(5) M. WipGorr, C. P. Leavitt, A. M. SHA- 
PIRO, L. W. SMITH and C. E. Swartz: Phys. 
Rev., 92, 851 (1953). 

(5) A. BARBARO-GALTIERI, A. MANFREDINI, 
3. QUASSIATI, C. CASTAGNOLI, A. GAINOTTI and 
. ORTALLI: Nuovo Cimento, 21, 469 (1961). 

(7) A. WINZELER, B. KLAIBER, W. KocH, 
M. Niko and M. SCHNEEBERGER: Nuovo 
‘imento, 17, S (1960). 
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Fig. 2. — Integral prong distributions constructed 

from the differential distributions shown in 

Fig. 1. The curves have been moved up and 
down the ordinate scale for convenience, 


1302 Ty dd 


2.2 GeV protons, the authors meas- 
ured N,, the total number of tracks leav- 
ing the disintegration, rather than N,: 
at 2.2 GeV there is an average of 0.5 
light tracks per star, and at lower 
energies there are even fewer. However, 
the energy-dependence of the distri- 
butions is most marked at large values 
of N, where distortions of the distri- 
butions due to the effects just described 
are expected to be least significant. 

It is clear that the probability of 
an interaction producing a large number 
of prongs increases with increasing 
energy between 0.4 and 2.2 GeV/nucleon, 
and thereafter approaches a limit which 
has been reached by 6.2 GeV/nucleon. 
The change between 6.2 and 27 GeV 
appears to be negligible and indeed, 
the N, distribution derived from the 
study of ultra-high energy (> 1000 GeV) 
cosmic ray proton-induced events (8) sug- 
gests that the probability remains about 


(8) B. P. EDWARDS; J. Losty, K. PINKAU, 
D: H. PERKINS and J. REYNOLDS: Phil. Mag., 
3, 237 (1958). 


EVANS and R. R. 


HILLIER 


constant to at least as high energy 
as this. 

The fragmentation parameters cannot 
be calculated from the N, distributions 
for emulsion nuclei, but it is very 
improbable that they should be inde- 
pendent of energy while the N, distri- 
butions vary in the way shown above. 
It is not clear whether the energy- 
dependence is equally marked for both 
light and heavy nuclei. 

If the fragmentation parameters are 
measured in the usual way by analysing 
the interactions of cosmic ray nuclei 
over a region of the energy spectrum, 
the results can be used without error to 
describe the propagation of these nuclei, 
provided that their energy is not chang- 
ing. The results should not be used to 
calculate the propagation of nuclei in a 
different energy region. Moreover it is 
not correct to use one set of parameters 
to describe the acceleration of a group 
of nuclei from rest to relativistic energies. 


We are grateful to Dr. H. H. Ary 
for helpful discussion. 
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A Note on Non-Linear Effects in Electrodynamics. 


Z. FRIED 


U.S. Naval Ordnance Laboratory - Silver Spring, Md. 


(ricevuto il 13 Novembre 1961) 


Since the advent of lasers a new stimulus has been added to the study ot non- 
linear effects in electrodynamics. The feasibility of producing a large flux of photons 
suggests many interesting experiments. Among these is the well-known (!) photon- 
photon scattering which as yet cannot be reached by the existing lasers. There are, 
however, other, not as well publicized non-linear effects which are amenable to 
the present day technology. These include the possibility of two or more photons 
interacting « simultaneously » with a given scattering center. Among the end products 
of such an encounter, several possibilities may materialize. The more spectacular are 


(1) A shee 

(2) v+y+AA*, 

(3) YoYo yey +e > 
(4) etyty+y -y'+yr- ey. 


If the incident photons have low energy i.e. o<m, the emerging photons will be 
of energy 2m and 3© in reactions (1) and (3). Reaction (2) corresponds to a two- 
photon excitation of an atom. 

Reactions (1) and (2) have been in ' 


effect observed (2). Pe x 
Itis the aim of this note to pres- 

ent results for reaction (1) based Hi k' 

on perturbative expansion of the ky ee ape 

S-matrix in quantum electrody- cS a n 

namics and draw attention to some 

of the interesting kinematical fea- iui ki 

tures of reactions (3) and (4). Fig. 1. — Feynman graphs for reaction (1). 


DI 


(1) J. M. Jacen and F. ROHRLICH: The Theory of Photons and Electrons, Chap. 13 (Cambridge, 
1955), p. 295. 

(2) P. A. FRANKEN, A. E. Hiv, C. W. PETERS and G. WEINREICH: Phys. Rev. Lett., 7, 118 (1961). 

(3) W. Kaiser and C. G. R. GARRETT: Phys. Rev. Lett., 7, 229 (1961). 
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The intrinsic rate to be computed from the theory for reaction (1) is the number 
of events per unit time per unit flux per unit density of the incoming photon beam. 
The relevant lowest order Feynman graphs are shown in Fig. 1. In the event that 
both incoming photons have identical momenta, and the electron is at rest, the 
differential rate for unpolarized incoming light and unpolarized target electrons 
summed over the polarization of the outgoing photon is given by 


dk ye ay Il 
(5) — (w,'0) = rey lls | Say 


È (= jo y—12y?) + (2+ 5y?—3y + 5y?—8y{) + (2) (7—2y—5y?) +4 — (1—y)(1—-y?) |, 
O) 


4 


where @ is the energy of the incoming photons, y=cos 0, 0 being the angle between 
incoming and outgoing photons, w' is the energy of the emerging photon, 7 is the 


classical electron radius, and h=c=1: 


2 


1 + (20/m)(1 = y) 


/ 


(6) oO = 


The total rate for the above process in the low-energy limit, i.e. o<m, is given by 


3 9 
n O) 


2a 40cm i 


=] 


Since we have computed the reaction rate for (1), i.e. free electrons, our results 
cannot be compared directly with the experimental results of P. A. FRANKEN ef al. (?). 
There are, however, stillsome worth-while points to make in connection with eq. (7): 


a) The low energy rate for reaction (1) is proportional to (4) 1/w. The 1/@ 
dependence will also hold for scattering off a bound electron provided that there 
are no resonances. 


b) Our results indicate that an anisotropic scattering medium is not essential 
for this non-linear effect. This is in disagreement with the statement of FRANKEN 
et al. (2). 


Furthermore, we would like to draw attention to the feasibility of detecting 
the following reactions: 


7 


(8) Ytrt-yo > er 


9 Shen n 
(9) PY ya Oss Oy oat 


A preliminary calculation of reaction (8) indicates that the number of events in the 
output should be of the same order of magnitude as that of reaction (1). Although 
the rate for reaction (8) is of higher order in the fine structure constant. the rate 


i se rely so] à at it 7 iti 

(*) It si entirely possible that if we add up the transition rates for all the processes in which 
two incoming photons can participate to order €, the resulting 1/@ term will cancel. This will 
be examined in a subsequent paper. 
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is proportional to 1/04, and thus for presently available photon densities, reac- 
tion (8) should be detectable. 

We now wish to draw attention to reaction (9). Here there are three incoming 
photons and two outgoing photons. In the outgoing photons +” has twice the 
frequency of y and y! has the same 
quantum number as +. ky 

The major contribution to such a Ee k 
final state will arise from the interfer- ta Fa 
ence terms of the Feynman graphs + saran 


shown in Fig. 2 sd 
These are the interference terms be- Wf | 
tween amplitudes in which all three incom- ke ke | 
ing photons scatter off the electron (x) ky ky 
and the amplitude (6) in which two of (a) (8) 
the photons interact with the electron and Fig. 2. — Feynman graphs for reaction (9). 


the third photon goes straight through. 

This interference term has the same power of e? as the transition rate for reac- 
tion (8). Its energy dependence at low © is again 1/m*. Its sign, however, is 
negative. The important conclusion we can draw from this is that the double 
frequency output will not be strictly proportional to the (flux) « (density). It will 
be of the form (°): 


(10) N(2v) = {A(w) — B(w) density} flux x density , 


where N(2») is the number of events with outgoing photons having frequency 2». 


The author has profited from discussions with Drs. W. M. Prank, H. R. Reiss 
and Mr. A. L. Licut of this Laboratory and Dr. I. MANNING of the Naval Research 
Laboratory. 


(5) This effect has been observed by J. A. GIORDMAINE (to be published), I am indebted to 
Dr. E. S. Daynorr for bringing this reference to my attention. 


82 — II Nuovo Cimento. 
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A Coupled Analysis of the /= }, /- >, P and D) Waves 
in Pion-Nucleon Scattering. 


E. GALZENATI and M. PUSTERLA 


Istituto di Fisica Teorica dell Universita - Napoli 
Istituto di Fisica Teorica dell’ Università - Bari 
Istituto Nazionale di Fisica Nucleare - Sottosezione di Napoli 


(ricevuto il 15 Novembre 1961) 


The partial wave amplitudes ff, and f(,,.,, for pion-nucleon scattering corre- 
sponding to the same isotopic spin J and total angular momentum J—1—4, and to 
opposite parity, are coupled by analytic continuation in the w plane (2 
¢.m.s. total energy) through Mac Dowell’s symmetry (1): 


e is the 


fiw) law-(— v) . 


The well-known relation (12) between f/,(w) and the partial wave projections 
of the invariant amplitudes suggests the introduction of another function hj(w), 
which allows to exhibit the threshold behaviour of //,(w) and has the same analy- 
ticity properties (“) in the w-plane of the mentioned projections. We define 


hi (av) aie 
) M ke 
E = total energy of the nucleon in the e.m.s. (**): 
M mass of the nucleon; 
k c.m.s. momentum of the pion-nucleon system; 
J =1+4 


In this letter we would like to point out a procedure which allows to obtain 
a phenomenological description of the dynamical singularities of hi(w), with partic- 
ular regard to those related with the « short range » forces. This procedure exploits 
the fact that hj(w), on the two physical cuts for w< — M—1 and for w> M +1, 
is Strictly related to the two partial wave amplitudes corresponding to different 


(©) 8. W. Mac DowELL: Phys. Rev., 116, 774 (1960). 

(?) W. R. Frazer and J. R. FULCO: Phys. Rev., 119, 1420 (1960). 
(*) For this analytical properties we refer to the y 
(*) We here are using units My = 1. 


various authors, 
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parity. The results can indicate an approximate behaviour of hj(w), that gives the 
correct experimental values in the two physical energy intervals where the waves 
are experimentally known and the elastic scattering is supposed to be dominant. 
We here analyse the 43% amplitude, which offers the possibility of correlating 

2 


the resonating P35 phase shifts with the very small positive D?2 wave, and allows 


the definition of two «short range » parameters. The problem of the S,, Py phase 
shifts is important as well, and can be investigated by a similar method. | 

The dynamical equations for h33(w) can be written in the form of two coupled 
integral equations by using the V/D method (3). We shall show that it is possible 
to obtain effective range formulae for the low energy P33 and D% 2 elastic amplitudes 
by introducing parameters in the equations for the N(w) and D(w). 

The insertion of the dynamical singularities is usually done in the numerator 
function N(w), whereas the physical singularities are inserted in the denominator 
function D(w). In an effective range approach it is possible to neglect a detailed 
description of the far-away contributions; therefore, we insert in the numerator 
function N(w) only those singularities nearest to the physical regions for P and 
D waves, namely the Born term and part of the pion-pion contributions, which 
are the corresponding ones to the «long range» forces, The description of the 
«short range » interaction is taken into account by parameters introduced in the 
denominator function D(w). 

Previous calculations (4) showed that the «long. range» contributions on the 
P wave can be reduced to the Born term, because the pion-pion pion interaction 
does not seem to modify significantly the situation. On the contrary, the nearest 
part of the Born term to the D wave does not give any effect, whereas the role 
of the pion-pion interaction looks very important (?). In order to take into account 
this situation in a simple form we approximate the long-range Born term on the 
P wave side by a pole at w— + with the correct residue, R, = — =P, and the 
pion-pion interaction on the D wave side (which is distributed on a cirele of radius 
r= V M2—1) by an equivalent pole at w= — JM, with appropriated residue Ry. 

The unitarity integrals, which contribute to the D(w) function, in the particular 
case of h32(w) are not convergent. Therefore we need three subtractions in D(w) 
in order to make the integrals convergent. We then introduce in this way two 
parameters. 

We finally obtain the following effective range formula for the P wave: 


E 10 D(w) w (w— M)BR, (w+ M)ak,|-} 
k3 cotg 033 = Re = : 


Be MW N(w) VELE ue M i Lee 


pl + aplw— M\B— 2(w2 — We 
flu + M)a + w(u W)p (u Jon ww? — M2)[R, A (0)x + RA dw) pt 


| 2M? (a 
and for the D wave: 


10 D(— w) w (w— M)ak, (ao + M)BR, © 
ve == =" : 


EM New) E—M| w— M: we = M2 


È D 
30 = 
k3 cotg 035 = 


Jute Mb wo Mx - 2(w? — M?) 


= + w(w— M)RA(- wa + RA w)81| 
| 2M? f 


(3) G. F. CHEW and F. E. Low: Phys. Rev., 101, 1570 (1956). 
(4) S. C. FrautscHI and J. D. WALECKA: Phys. Rev., 120, 1486 (1960). 
(5) J. Bowcock, N. COTTINGHAM and D. Lurié: Nuovo Cimento, 19, 142 (1961). 
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where « and B are D(M) and D(—M), respectively, 


I È 
APE Hp, AH SH 
a TT 
ee + M)k’* 1 
me | us? (20'— M)* (WE Mr vw) 
MHL 
—M-1 
H 5 AES M)k!3 I 
5 =| u ae (wi! TD) (wi BL) (uw) i 


and Hj}, are the integrals one gets from H,, by interchanging w'+ M with w'- J. 
The above written formulae become meaningtul after we fit the parameters from 
the low-energy experimental values of D and P phase shifts, achieving in this way 
to constraint the analytical function h#?(w) to have the wanted physical behaviour 
at low energies, specifically in the two intervals — M — 4.5 < w < — MW—1 and 
M+3.3>w> M+1. To carry out a phenomenological preliminary evaluation 
of the parameters, we took À, as a parameter also, because the theoretical knowl- 
edge of the pion-pion interaction seems still uncertain. We therefore assumed three 
experimental conditions, which gave us three linear equations for the determination 
of x, B and R,. Because of the inelastic effects, which may be present in the D wave 
experimental points, we took only the value at low energy (w= 9.75). 

In order to understand how to relate the parameters with the « short range » 
forces, we may notice that the insertion of experimentally consistent values of x 
and $ determines the birth of poles (corresponding to zeros in D(w)) in the ampli- 
tude Aÿ?(w) in the complex w plane. These poles must not interfere with the sin- 
gularities put in V(w) and, in the approximation in which the numerator function 
deals only with «long range » contributions, have to fall within the region of the 
w plane occupied by the «short range » singularities. From the point of view of 
the analytical properties of /î,3(w) the «short range » poles provide a fairly good 
description of the branch lines if the corresponding discontinuity is peaking very 
strongly in certain points and is negligible otherwise. Therefore we cannot accept 
any spurious poles in the w complex plane, out of the mentioned region, in the 
parametrized solution. 

The upper requirements restrict the range of values of x, 6 and R, very 
strongly. We find indeed two possibilities: R, > 0, «, B > 0 or R > 0, «> 0, B< 0. 
The experimental fit makes us disregard the latter case because it provides an enormous 
increase of the D}? phase shifts with the energy, in contraddietion with the experi- 
ment (°). The former case provides an acceptable solution with R, = 0.069 and 
parameters x—0.37, 5— 0.69. For a fixed value of R,, the numerical values of x 
and 6 may fluctuate of 10 and 20°), respectively: « is the most related with 
the P3/? resonance, whereas P and À, seem to tie down the order of magnitude 
and the sign of the D3) wave phase shifts (*). It is interesting to point out how 


(*) W. D. WALKER, J. DAVIS and W. D. Sumpuarp: Phys. Rev., 118. 1612 (1960). 

(*) The numerical values of the parameters so calculated need to be compared with those 
obtained by fitting independently the two waves: for consistency it is required that their ranges 
of variation are such to contain the values of the coupled solution. 
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1, 2) deviate from the experimental points at higher 
energies for both P®? and D?/2 waves (67). © Ie SI TE LOPS Rar Lc. 

gies 3/2 and D}, waves (®7). To be more specific, for energies greater 
than the P wave resonance, corrective terms to the resonating formula of the 
«static theory » produce a shift from the 
Chew-Low plot in the opposite direction 


the curves we obtain (Fig. 


of that required by the experiment (in anal- Kcotg d/o 

ogy with the Frazer-Fulco solution), whereas 4.0 

our D wave phase shifts, for energies 30 

greater than ~ 370 MeV (kinetic energy in 

the laboratory), grow too rapidly. These 20 

effects may be related with the necessity 10 

of a more detailed description of the dynam- 

ical singularities and with the influence 0.07 

of the inelastic scattering channels. 104 È 
Nevertheless, in the low energy re- 

gion, our approach gives the D phase shifts Fig. 1. — P-wave solution. e experimental 

essentially in terms of two parameters de te EEN CE a e 

(x and R,). It is well known that the i pare ari ui 


CGLN-Wataghin D wave formula (8) con- 

tains the same number of parameters: 

however, we want to outline that our procedure takes into account explicitly the 

D wave unitarity integrals and makes use of one pole for the pion-pion contributions. 

On the other hand, the results give a most accurate fit with the experimental data, 
and allow to obtain definite conclusions about 


52 / the sign and the order of magnitude of the 
3 È 4 residue of the pole on the D wave side. Finally, 
È n our procedure makes it possible to obtain in- 

4 1 . formation about the importance of the pion- 


{Ln KO AIMENT £ vi FA 
pion contributions. 


i o none We would like to outline also that the 
value of the residue À, can be estimated theo- 

retically from the data on the pion-pion interaction: this fact suggests a comparison 
between this evaluation and the results of our analysis. This comparison can 
definitively indicate whether well described «long range » contributions, associated 
with two «short range» parameters, can give a complete phenomenological de- 
scription of the low energy P22 and D#? waves. A similar comparison can be estab- 
lished with the results obtained by other authors; in particular, the value of the 
residue R,, including pion-pion contributions, can be related with the « discrepancy » 
introduced by Hamitron e* al. (*). Calculations on these latter points are now in 


progress. 


We are indebted to Prof. S. FuBINI, Dr. R. STROFFOLINI and Dr. B. VITALE 


for their interest and for clarifying discussions. 


(7) S. W. Barnes and B. Rose: Phys. Rev., 117, 226 (1960). 

(3) G. F. CHEW, M. L. GoLDBERGER, F. E. Low and Y. NAMBU: Phys. Rev., 106, 1337 (1957). 
(©) J. HamILroN and T. D. SPEARMAN: Ann. Phys., 12, 172 (1961); J. HAMILTON, P. MENOTTI, 
TP. D. SPRARMAN and W. S. WooLcock: Nuovo Cimento, 20, 519 (1961). 
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(ricevuto il 28 Novembre 1961) 


Recent theoretical studies of strong interactions at high energies in the limit 
of small momentum transfer (1?) have underlined the importance of the « periph- 
eral» interactions. 

In particular D. Amati, S. Fupini, A. STANGHELLINI and M. Tontn have cal- 
culated m-p diffraction scattering using the «strip » approximation of Chew and 
Frautschi. The assumption is made that the inelastic cross-section is dominated 
by the one pion exchange term, and therefore the diffraction by the exchange of two 
pions. They give a definite prediction for the shape of the differential cross-section 
in the region of small momentum transfer. 


* po = ale Fà 4 nt rc 1 | + à T j i 
©) The work done at Bari was supported by grants from NATO and the Istituto Nazionale 
di Fisica Nucleare. 


PRE RG PER ED Er ay eee 
we Feo of one Argentine « Comisién Nacional de Energia Atomica ». 
C™) Senior Fulbright Research Fellow. 


(*) G. F. CHRW and S. C. FRAUTSCHI: Phys. Rev. Letti, 5, 580 (1960); UCRL 9510. 
(©) D. AMATI, S. FUBINI, A. STANGHELLINI and M. TONIN: to be published in Nuovo Cimento. 
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We have measured the absolute differential elastic cross-section as part of our 
continuing study (*) of 1.6 GeV/e zp interactions in the Saclay 50 em hydrogen 
chamber. 

The events selected are those in which the recoil proton stops in the chamber 
and which satisfies the usual criteria for elasticity. The ranges, R. of the scattered 
protons are measured and the square of four-momentum transfer, 42, is then 
determined directly from the kinetic energy 7 of the proton, 42-217. We accept 
events with 4° between 1 and 4 square pion masses, that is, 0.94 < R 12.5 em 
(0.983 < cos dim. < 0.930). 

In order to avoid possible systematic losses of events, we consider only those 
events in which the point of interaction occurs in a well-defined volume of the 
chamber and we require that the angle of the plane of the scatter be greater than 
30° to the optic axis. 

Repeated scans show that the scan efficiency is of the order of 979,. 3361 elastic 
scatters with stopping protons were observed; of these, 92 appear in the final 
selected distribution. 

According to a least-squares fit these data are best represented by a straight line: 


do 


Po [1.14+0.07 — (0.096+0.025)A?] mb per A? unit, 
dA2 


> 


where A? is measured in units of the square of the charged pion mass. 
If one calculates the « diffraction » scattering resulting from an imaginary gaus- 
sian potential one obtains for the cross-section 


do do la 
— À “exp = = 
dA? dA%/,0 - 
where a — r.m.s. radius of the potential; Z, pion Compton wave length. 
For our values of 12, this expression reduces to 


(1 
0 


Therefore our experiment implies an effective a = (0.75+0.10) fermi. 

When A?— 0, do/ddA?— (1.14+0.07) mb per A? unit. This value is in good 
agreement with that calculated from the optical theorem using the total cross- 
section of (32.1--1.5) mb, measured by Brisson et al. (*): 


~ 


do | do 
dA? \dA? 


do 2 E 
— (1.01+0.09) mb per A? unit. 


9 
d4?}, 
The straight line and experimental points are shown in Fig. 1. 


(3) Production des particules étranges par l'interaction 7° + p à 1.6 GeV/c; Etude de l'interac- 
tion mm cans la diffusion m + p à 1.6 GeV/c. Communications à la Conférence Internationale 
d'Aix-en-Provence sur les particules élémentaires, 14-20 Sept. 1961. 

(4) J. G. Brisson, J. L. DETOEUF, P. FALK-VAIRANT, L. VAN RossuM and G, VALLADAS: Nuovo 


Cimento, 19, 210 (1961). 
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The theoretical distribution of AMATI ef al., is of the form 


7 I = |? 
sa oc | i “| = ‘log (x + Vl+zx)l, 


d'A? lo aV1+ 2 | 


where {— 2, and {, is the square of the mean effective mass of the intermediate 
particle, responsible for the diffraction scattering. A good fit is obtained with 


Amati et al. (to=121°) 


OS | 
| 
2° | 
Ne 1 I 1 a 
0 1 2 3 4 
RES The experimental points are the open cireles, shown with statistical errors. Point A is 
optical model prediction for (do/d4*), L = (1.01 50.09) mb calculated from Gijojal 32.1 mb. 


Point £ is the linear extrapolation to zero, (1.14 £0.07) mb. 


b,=12u°, with the outer limits of 8.5 to 164% as is shown in Fig. 1. It can he 
seen that with these values of { and in this region of small momentum transfer 
the theoretical curve is almost linear and agrees within the error with the pre- 
diction of the conventional perturbation approximation. The detailed prediction 
of the theory can only be verified by the determination of the final particle states 
of the inelastic cross-section under the same conditions. 


It is a pleasure to thank A. STANGHELLINI and S. FuBINI for numerous helpful 
discussions and suggestions during the course of these pion experiments. 
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Proton Energy Spectra in the Drell Model of Double Photoproduction. 
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Scuola di Perfezionamento in Fisica 


presso Istituto di Fisica dell Universita - 


(ricevuto il 


The energy spectrum of the recoil 
proton in the double photoproduction 


of charged pions has been calculated at 
The re- 


three fixed Laboratory angles. 
action: 


Bue Ls 


has already been studied taking into ac- 


count the pion-pion interaction (2). 


110% (30/022 du’) _mb/MeV4 
60! dal 


50 


L #0 L 4 1 1 Ta (MeV) 
0 10 24 37 52 65 79 94 14 1357 
Fig. 2. 


Roma 
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In this paper the Drell diagram of 
Fig. 1 has been considered in order to 


A 
10%{8/0/a4 du") mb/Mev! 
lg, =30° 
Go 
50 


da a Ta, (MeV) 
O 10 24 37 52 65 79 94 14 15 


iis, Bb 


see if it predicts maxima in the proton 
spectra different from the ones obtained 


No™(@o/aa? du’), mb/Mev" 


Lt 
T,, (MeV) 
0 10 % 37 52 65 79 9% Td 1357 


Fig. 4. 


1314 eg 


taking into account pion-pion interac- 
tion. The energy of the incident y is 
fixed: 900 MeV in the laboratory sys- 
tem. 


GUALDI 


o 


=> 


In Fig. 3, 4 the energy spectra 
of the recoil proton are drawn at the 
laboratory angles 0,— 15°, 30°, 45°; 
T,, is the proton kinetic energy in the 


| (oo. 0a? du) arbitrary units 
9,515" 
300- PORT ETES SN 
200+ 
100- 
T, (MeV) 
LEA TNT SL 1 L 1 1 CERTA 
0 (0 20" Se 45 60 75 90 105 120 
Tig. 5. 
The S-matrix element is: laboratory system; A?=(p.,—,)?, 0*= 
= — (+). 
4 3 (any Ve Cine E Fig. 5, 6, 7 give the corrected spec- 
12) UE 99 id en tra (1) obtained (?) at the same angles. 
The normalization of the curves is 
ee N) < obtained from the total cross-section 
(Gg — kk)? + y? Pi given by BoccaLeTTI and SELLERI (3). 


À 
(00/ dd du) arbitrary units 
250- 00 


100} 


0 


Fig. 


where S.y is the S-matrix for zp scat- 
tering and the 4-vectors are: 

k for the incident y, pps for the 
initial and final proton, qq; for the x 
and 7? respectively; gq, is the momen- 
tum of the intermediate pion and e the 
polarization vector of the proton. 


6. 

(@) An error was made in the numerical 
computations, 

(*) D. BOCCALETTI and C. GuaLp1: Nuovo 


Cimento, 18, 895 (1960): D. BOCCALETTI, G. DE 
FRANCESCHI and C, GuALDI: Nuovo Cimento, 20, 
375 (1961). 

@) D. BoccatetTI and F. SELLERI: Nuovo 
Cimento, 22, 1099 (1961). 
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which is about 1/10 of the experimental 
one. } | 
As one can see the maxima in the 
Drell curves are at lower energy than 
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| (80/ 0d? dd, tee arbitrary units 
L= 


In this paper it is shown that the the corresponding maxima of Fig. 5, 6, 7. 


Furthermore, the Drell effect being rel À 3 
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Remarks on a Possible Method for Detecting the Double Compton Effect. 
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(ricevuto il 7 Dicembre 1961) 


The purpose of this paper is to suggest a method for observing the double 
Compton effect without the use of coincidence measurements. 

All the experimental observations on the double Compton effect performed 
up to now are based on coincidence measurements (1-7). In these experiments the 
directions of both final photons are kept fixed and the coincidences are counted. 
The greatest difficultv in such experiments lies in the low value of the intensity 
to be measured: in fact the cross-section for the double Compton effect is already 
low in itself, and in such experiments one selects the pairs of photons emitted into 
two small solid angles around the fixed directions. 

On the other hand, it is possible though not done so far — to observe 
the double Compton effect without coincidence measurements: one has only to 
study the cross-section integrated over the direction of one of the two final photons. 
the direction of the other one being kept fixed. The energy spectrum of this photon 
is observed, and should be seen as a tail to the single Compton line, on the side 
of the low energies. 

By using this method we gain a factor of about ten in the cross-section as 
an effect of the angular integration. 

Let k, and k, be the momenta of the final photons, x, and x, their angles with 
the incident photon ky, f the angle between the two emission planes; the quantity 
to be measured is 


27 x 
doglie) Fe 
(E) dk, dQ, | | fa. ki, %, %, B) Sin x day , 
0 0 
where 
| Lota (Mig sn E ono 
(2) (Ko; hy, %, %, B) Lee OY > 


dk, dQ, dQ, 
(Ko and o, fixed). 


(1) P. BE. CAVANAGH: Phys. Rev., 87, 1131 (1952). 
(ay wat, 
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The differential cross-section for the double Compton effect 


BA diss Cos a) 


dk, dQ, dQ, 


has been given analytically in various ways (84). 

Transition amplitudes for the double Compton effect between fixed polarization 
states of all the involved particles, and the cross-section for unpolarized particles 
[formula (11)] are explicitly calculated in ref. (4). The numerical integration of 
this cross section by an IBM 650 computer (*) has now been performed to obtain 
the quantity (1). 
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lig. 1. — The function J (ko; Ki; 1), defined by (3), for three energy values of ko: plotted against hy, 
in electron mass units. In all graphs the curves a), b), and ce) correspond to the, angle a; =90°, 
x, = 60° and a,= 30°, respectively. 


() 
(*) 
(00) 


* 


‘ MaxpL and T. H. S. Skyrme: Proc. Roy. Soc., A 215, £97 (1952). 


. 


Passatore: Nucvo Cimento, 16, 811 (1960). 


I 
M. Carrassr and G. 
At the «Centro di Calcolo Numerico deli’ Università di Genova 


017 


1318 M. CARRASSI and G: PASSATORE 


Figure 1 shows the values of J(k,) defined by 


dog o(hio, hy, %) se 


3 FR Ad (Te); 
(3) dk, dQ, a ; 
where 
i ed \2 
(4) Ante Sel 0 AGR10 wae = | ) — 7.94-10-% em?, 
1672 me 


the energy values correspond to the y-rays of Cs (662 keV), of Zn (1.12 MeV), and 
from the radiative capture by !9F (6.14 MeV); the emission angles are 30°, 60°, 90°. 

All these energy spectra are very similar. They show a minimum around the 
middle of the range analogous to the one which exists for the differential cross- 
sections (34). These spectra go to infinity at the ends of the range, owing to the 
well-known infrared catastrophe. 

The energy at the right-hand end is the same as that for the photon emitted 
in the single Compton effect for the same incident energy and angular conditions: 
as shown by Browx and FEYNMAN (5) there is an exact cancellation in the ampli- 
tudes between the infinity arising from the double Compton and the one resulting 
from the third order radiative correction to the single Compton effect. 

It is interesting to observe the dependence of the minima upon the incident 
energy and the emission angle. At low energies (ky =662 keV) the minimum for 
 — 96° is greater than the one for x,=30°. On the contrary, at higher energies the 
minimum decreases monotonically with increasing angle. This behaviour quali- 
tatively corresponds to the well-known higher concentration of the emitted photons 
in the forward direction at higher energies. 

In addition, the double Compton spectra for the incident energy of y-rays from 
the radiative capture by *H (20.3 MeV) have been calculated; they do not show 
any qualitative difference from the spectra reported in Fig. 1 and their minima 
have the same order of magnitude. 

In the experiment, one should observe a tail to the single Compton line just 
given by the central regions of the calculated spectra. The observation will be 
possible if this contribution of the double Compton is at least a small percentage 
of the response of the counters to the single Compton line in those regions. In 
order to make a comparison we can simulate the response by a function R,(k) 
defined as follows: 


(ky)? 


(5) R,(k) = R,(k,) exp |— a(k.) fe 


where /?,(k,) is the height of the response curve when k- -k, and k, is the energy 
of the Compton line. With a suitable choice of x(k,), (5) is a good representation 
of the response for all values of energy k which differ from k. up to about 10% 
or 15°, of the incident energy k, itself, the exact figure depending on the par- 
ticular detector. 

Similarly, to obtain the response which the same detector gives to the continous 
spectrum of the double Compton effect, one must calculate 


kmax 
. 


3 f k - P 
(6) R.;(k) = | Rik’) EXD x(k') To dk', 


« 
kmin 


() L. M. BROWN and R. P. Feynman: Phys. Rev.. 85, 231 (1952). 
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where F,(k') dk’ is the height of the response at the energy kh’ of the continuum. 

In order to estimate the ratio R,(k)/R.(k), we refer to a typical response curve 
of the scintillation counters. These, for all energy values which concern us, exhibit 
a minimum at the energy k<k, by an amount of about 10%, the energy k, itself; 
the height of the response curve at this minimum is, for suitable crystals, about 
0.01 of the photopeak height. Hence we have caleulated the ratio R,/R, at the 
energy À corresponding to this minimum assuming that the response to the Compton 
line gives 


— 
1 


R,(k) R.(k.):0.010 I(Kk.)-0.01, 


€ 


where we have put À,(k,) proportional to the « intensity » Z(k,)—(1/r$)(do/dQ)cpton : 
that is to say that we have neglected, at first approximation, the small variation 
of R.(k.) with the energy as we are interested in the order of magnitude of the 
ratio R,/R.. In Table I we have reported some values of Z(k,) 


TABLE I. 


Values of I(k.)=(1/r3)(d0/42)c mpton- 


SV | 30° 60° 90° 
ko = | 
1.295 0.64 0.28 0.16 
2.192 0.54 0.21 0.12 
12.02 0.20 0.065 0.036 
39.73 0.078 0.023 0.012 


We have also valued the response to the double Compton effect by substituting 
the integral in (6) with a summation and making a eut in the spectrum at an 
energy smaller than k, by 2 to 4% of me? (the results being slightly sensitive to 
this cut); so we have 


| ke ki)? 
(8) Rik) © A YI (kei) Aki exp |— x(t) CAR i 


where 4./(4%;) is defined by (3). A few terms are sufficient in the summation since 
the contribution of all terms with k;i< %,/2 is negligible on account of the expo- 
nential factor. We have also supposed «(k;)=const, so that the width at the half 
height of the gaussian is about 15°, of the energy k;. With these assumptions we 
hope we have underestimated A,(k) because a) the photopeak efficiency actually 
increases when the energy decreases (°) and b) the response due to the terms for 
which %k;>% gives a contribution to the terms in which k;<k: this contribution 
is not negligible owing to the typical continuous spectrum which the response curve 
exhibits on the left of the photopeak. 


(5) See, for example, W. EF. Morr and R. B. Surron: Scintillation and Cerenkov counters, in 
Handb. d. Phys. BA. 45. 
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Considering the particular case in which kjy=2.19mc?, x=90, k,—0.687 mc?, 
I(k,) is equal to 0.12 as shown in Table I, one obtains for the ratio R,/R, the 
value 0.16. From other valuations for slightly different energies and for some 
angular situations one can estimate the effect as varying between 10°, and 20%, 
and therefore it seems noticeable with the actual instrumental technique. 


We wish to thank Prof. M. AGENO for his indication of the experimental 
interest of this calculation and Dr. S. VirtaLE for useful discussions. 
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IL NUOVO CIMENTO MOLINO RENE 16 Dicembre 1961 


Gauge Invariance of Form Factors. 


P. BupINI and T. WEBER 


Istituto di Fisica dell Universita - Trieste 
Istituto Nazionale di Fisica Nucleare - Sezione di Trieste 


(ricevuto il 9 Dicembre 1961) 


The discussions on the limits of validity of quantum electrodynamics are usually 
based on the comparison of experimental results with the standard theory, into 
which form factors have been introduced. These form factors have only ine role 
of introducing into the theory a comparison length, with the implicit assumption 
that the known defects of nonlocal theories obtained in such a way will not affect 
the conclusions drawn. i 

It has been made apparent (1) that the above assumption is not valid when 
the form factors destroy the gauge invariance of the theory, which occurs effec- 
tively when multiplicative form factors are introduced in the electron positron 
Green s function. 

In this note we want to discuss this point and indicate an approach which could 
be taken to avoid this difficulty. 

The introduction of form factors for the mentioned purpose should satisfy at 


least the following conditions: 


a) the theory should tend continuously to the standard local theory as the 


introduced length tends to zero; 


b) the form factors introduced for the study of different experiments should 
be the same; 


c) the theory with form factors should not contain inconsistencies which affect 
the application of the theory to the experiment to be studied. 


Usually (2%) the discussions of experiments have been based on formulae ob- 
tained from the standard ones after multiplication of the photon or electron propa- 


(1) see the paper of HARTING et al. on the experiment on eve annihilation (to be published). 
(2) P. BUDINI: Nuovo Cimento, 3, 835 (1956). 

(3) G. ANDREASSI, P. BUDINI and I. REINA: Nuovo Cimento, 12, 488 (1959). 

(4) S. D. DRELL and F. ZACHARIASEN: Phys. Rev., 111, 1727 (1958). 

(5) J. D. BJORKEN, S. D. DRELL and S: C. FRAUTSCHI: Phys. Rev., 112, 1409 (1958). 

(°) HT. SALACKER: Zeits. Phys., 160, 385 (1960). 


83 - JI Nuovo Cimento. 
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gators in the matrix element by the form factor 


Ae 


(1) pt m2 Az’ 


where p is the four-momentum of the virtual particle in the propagator, m its 
rest mass, and A-! is the comparison length. This satisfies both a) and c) but not 
b); in fact multiplication by (1) is equivalent to the introduction into the the- 
ory of an intermediate boson field of rest mass A. And whereas this is allowed for 
transitions where a photon is exchanged, it is no longer so when the virtual par- 
ticle is a spinor; in this case an intermediate boson field destroys the fermion con- 
servation and current conservation laws, and consequently the gauge invariance of 
the theory. This is true not only for form factors (1) but also for any scalar form 
factor depending only on p?. In fact consider the matrix element for a process which 
contains an electron-positron Green function in the general form: 


RR oe I ATROCI 
N È g—m Pix x a q'?— m? LE TR 


(2) 


where q’ is obtained from q by exchanging the momenta of the photons appearing 
at the vertices. Then invariance under gauge transformation will bring about the 


following condition: 


È i gh) — Aig’) mh! — ki ha à ha si m i + (f(g?) —fi(a' MÈ... )= 0, 
: g'?— m3 


which in general cannot be satisfied unless f,(q?) = fo(q?) = f,(q'?) =fe(q’2= 1). In other 
words, the electron-positron Green’s function cannot be multiplied by form factors 
without destroying the gauge invariance of the theory. 

We see two possibilities of avoiding these difficulties. : 

The first is to introduce the form factor in the matrix element rather than in 
the Green's function. This amounts to the substitution in (2), for CE — WAGE 
of a function /(q?, q'?), symmetrical in the invariants q?, q'?. In this case (3) is 
satisfied and the gauge invariance of the theory ensured. 

Generally the symmetry of such a form factor with respect to the exchange 
of the photons allows to factorize it from the matrix element, which then maintains 
its original gauge invariance. It is easily seen that this is true only not when the 
photons emitted or absorbed are free but also more generally when one of them 


or both are virtual. 

In order to satisfy the condition b) one should adopt the same method also for 
the modification of the photon’s Green’s function. 

An example of such a form factor, which satisfies conditions a), b) and c) and 
identifies with (1) for q=q' (in which particular case (1) preserves gauge inva- 
riance) is 


unta 4; 
A+ (|q'?— m?| |g?— m?| i î 
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ae 


for the electron’s Green’s function and 


Eq, Cad 2 : 
A+ |q||q 


for photons (obviously q and g' are the momenta of the virtual photons obtained 
exchanging the electrons in the vertices). 

An vther possibility is to alter both the positron-electron’s Green's function and 
the neighbouring vertices. In this case we give only an example of such a form 
factor which can be applied when both photons and electrons at the end of the 
Green's function are free (Compton effect and positron-electron annihilation). One 
has for the modified Green’s functions: 


2, 2a an ig —_m rt) le 24 
Ca e M92) |@ + 
M—m 1 gm? a re: (ge)| + 
p[e+ 4 (q'e) iq’ m P 2i 
al € qe P(a'2) |e! rena 
M + m qg'?— m2 (4?) Tess q'e') 
with 
Hip ee 
tig?) e iu 
1 IP+ ¢ 


In this case one could easily derive the matrix element from a Lagrangian with 
derivatives. 

More generally one could obtain non-local theories satisfying all invariance 
and unitarity conditions by introducing, in a rigorous way, intermediate fields and 
by taking into account all the virtual corrections induced by these fields at the ver- 
tices and at the Green’s functions of the original fields up to a certain power of the 
coupling constant. Obviously, this procedure, even if more satisfying from a theo- 
retical point of view, is very complicated for computational purposes and certainly 
not commensurate with the phenomenological purpose for which form factors are 
introduced. 
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TI NUOVO CIMENTO Vor: XXIT N. 6 16 Dicembre 1961 


The « Photon-Spurion » and Dispersion Theory. 


E. LEADER 


CERN - Geneva 


(ricevuto il 9 Dicembre 1961) 


It has recently been asserted (*) that the calculation of a process A+B — A+B 
(see Fig. 1) in which one photon is exchanged, by Dispersion Theory methods, would 
fail to produce the correct result, i.e., would not 
include the Coulomb interaction term. GOEBEL (1) 
has interpreted this as requiring the existence of a 
genuine « spurion », @.e., third state of polarization 
of the photon, at zero energy. 

We show in the following, that this is unnecessary 
and that Dispersion Theory with physical, transverse 
photons does indeed predict the correct answer (*). 

As usual define 


(1) I -k2, with k=p,—D- 


Neglecting inessential factors, unitarity in chan- 
Fig. 1. nel III (B+B AA) yields 


(2) Tm <P, ps | Tip, DI LOL) tes Ons 


‘ 


~ fares Pas — Pal THEY |P] pr, PISE?) DR pi — Da)» 


È Pal 


where the polarization sum is over transverse states only. 


(3) fa > FPF. NS) PD). 


. Sl 


al nd ni x . alp 2] . fy > ~ ; ), J i i 
(*) C. GOEBEL: An elementary particle of zero four-momentum; a genuine spurion, University 
of Wisconsin, preprint (1960). 
(*) Note added in proof. — Dr. GOEBEL has informed me kindly that he is aware of this formal 
derivation of the correct result. 
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Gauge invariance, J-k— 0, together with the existence of the mass shell condition 
d(k?) allow us to write (2) 


4 
(4) DI (k9) DISOTTO) JT. JO S(K2) ; 


Ti r=1 
Carrying out the trivial integrations in (3) leaves (3) 
(5) Im «ps, — ps |T =D, PESTE St) t>0). 


The amplitude for the original process 


is then 


6) ‘pi; PAUT Ip, Pad — — = dt! ~ 
Par P24 | Pret 


1 ian TEN a TATO 
all Re M 


0 


This agrees with formula (3) of Goebel and can be shown to contain the required 
Coulomb term (1). 


I am grateful to Dr. D. Amati for a discussion on this matter. 


(?) There is an apparent difficulty if k=0 in (4). However one can sce from (3) and (6) 
that the point k=0 simply does not appear in the calculation. I am grateful to Dr. J. C. TAYLOR 
for pointing out this difficulty. 

(3) One runs into difficulty and obtains the incorrect result 


} (4! , FA). 7B) 7 
Im TW) IC ASE 


only if one interchanges the order of summation and integration in eq. (3) without sufficient care. 
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TL; NUOVO. CIMENTO NOT OOM IN eae 16 Dicembre 1961 


Some Remarks about the Isovector Form Factors 
of the Nucleons and the ¢° Meson. 


\ 


G. Costa and A. H. ZIMERMAN (*) 


CERN - Geneva 


(ricevuto il 12 Dicembre 1961) 


A recent experiment on p-p annihilation (1) seems to indicate that the 9° 27 
resonance is splitted into two components gî, g? with very narrow widths, of the 
order of 10 MeV. It seems that g° corresponds to a J=0, 1— 0 state, and 3 to the 
neutral component of a J=1, /=1 state. In what follows we shall be interested 
only in the J=1, 1—1 resonance, which we simply denote by p!. 

It is obvious that a very narrow width for the 9° resonance should imply that 
its effect would be negligible in the pion-nucleon scattering, unless a very strong 
o’-nucleon coupling is assumed. In fact, a narrow width implies a weak °-pion 
coupling. 

In this note we shall examine the consequences of the hypothesis of a very 
narrow width for p° on the isovector electromagnetic form factors of the nucleons, 
and try to obtain some information about the p°-nucleon coupling. It is generally 
believed that such resonance plays a very important role in the isovector form 
factors (2). 

In this discussion we follow the work of Bowcock, CorrinGHam and LURIÉ (3). 
Their results on the isovector form factors FY(t), F5(t) are based on subtracted 
dispersion relations in which only the two-pion resonance contribution is taken into 


account explicitly, in terms of the pion electromagnetic form factor. Their results 
can be written in the Clementel-Villi form (2) 


> as 
; 1 / SELS À 
(1) Fy (t) al FS vet: al 
2 it 
\ R 
balia 
(2) F(t) (1 bye x). 
SI 


“4 ro di: so 2a fr sti vas mp n LÉ . = A 
() On leave of absence from « Istituto de Fisica Teorica », Sao Paulo, Brazil: Ford Foundation 
Fellow, CERN, Geneva. 


(@) B. C. Maguic: CERN Seminar (Nov. 1961); J. Burron, G. R. KALBFLEISCH, G. LYNCH, 
B. GC. MAGTIÜ A. R. ROSENFELD and M. L. STEVENSON: to be published. 

(*) S. BERGIA, A. STANGHELLINI, S. FUBINI and ©. VILII: Phys. Rev. Lelt.,16,2367 (19619: 
FUBINL: Report ut the Aix-en-Provence Conference (Sept. 1961). 
(*) J. BowcocK, W. N. COTrINGITIAM and D. LURIB: 


SD. 


Nuovo Cimento, 16, 981 (1960). 
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where «xy =3(4— My), and ft, is the resonance squared energy. We quote ref. (3) 
for the explicit expression for day, by. 

We want now simply to replace the value of the width /’~100 MeV used in 
ref. (*), by the much smaller value /’~10 MeV. The same analysis can be used 
a priori, the only difference being possibly in the g°-nucleon and p°-pion couplings. 

To make explicit use of coupling constants, we prefer to use for ay, b, the 
expressions obtained by the « bipion » model, in which the p° resonance is con- 
sidered as a «stable» particle (4). The interactions of this particle with pions, 
nucleons and photons are given respectively by (49) 


AA Gee ds) 400: 


la i (0A 
(3) iU(Ps) Cin Sr 2M O Pa - Po)» WP)On ; 
AA On 
Then one can easily obtain 
20,A (027, 
(4) Pr rea TS br 
la Uylr 


We now use the expressions of ref. (3) for the electromagnetic pion form factor 
which. for a small width, reduces to 


(5) Piety ape 


(6) Fr) = —— 


The relations (4) can then be replaced by 


20; ; 05 
ly = —— , De = : 
‘ da Te eed 


— 
= 
— 


Using directly the values a, = by ~ 1.62, t, ~ 25.2 obtained in a recent fit (°), we get (7) 
(8) On 0:8 ler RARE Anes 


(4) A. STANGHELLINI: Nuovo Cimento, 18, 1258 (1960); M. GOURDIN, D. Lurm and A. MARTIN: 
Nuovo Cimento, 18, 933 (1960). 
(5) It si easy to show that an interaction of the form 


(O04 — AnOv)( Op À y — duAy) 


does not give contributions to the pion and nucleon form factors. 
(5) S. BERGIA and A. STANGHELLINI: Nuovo Cimento, 19, 155 (1961). 

(7) The parameters given in ref. (°) correspond to Mp =700 MeV; we believe, however, that the 
values (10) will not be much changed assuming Mp=780 MeV. 


i 
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Now, the simple relation between /’ and 22 gives: 1,~5e (where e is the electric 
charge). Then it follows that the coupling between the ° and the nucleons is 
rather weak; in fact one gets from (8): C,~4e, O, = 8puye. 

This result, if taken seriously, appears to be at first sight in contrast with the 
fact that the p° particle is strongly produced in the p-p annihilation (+). 

The first argument to which one can appeal in trying to eliminate this difficulty 
is the following. The electromagnetic form factor of the pion given by (5). which 
was used by Bowcock ef al., takes into account only the effect of the p° resonance. 
But, if the p°-pion coupling is weak, it might be reasonable to assume that such 
effect is not so important in comparison with the contributions coming from other 
intermediate virtual states. 

As a first approximation, one could modify the relation (5) into a subt racted 
form similar to the one used for the nucleons: 


(9) Jit ges Se ees 


where « could be considered, in general, as energy-dependent. The relations (7) 
then modify into 
20 (0; 
zo 2 
(10) ASSAI : 


r= x * 

17 TELE 

One can obtain reasonable values for C,, ©, in agreement with the abundant pro- 
duction of p°, by assuming that the bipion term in (9) is small in comparison with 
the other term (1 — x) coming from the other unknown contributions. 

The above discussion applies to the case in which only one resonant state J — 1. 
I=1 is taken into account in the explanation of the isovector form factors of the 
nucleons. It might well be that other resonances, as e.g. the newly discovered [=1 
C-resonance (M-~575 MeV) (8), play an important role in this problem. The presence 
of two J=1, 1—1 resonant states with different masses would be useful, since it 
should perhaps be possible in this way to explain practically all the contributions 
to the isovector form factors of the nucleons. This does not happen if the isovector 
form factors are fitted with a single (g°) vector meson (°); in fact, the values 
a, =b,=1.62 leave a large contribution to the high-energy states. The modification 
of the Clementel-Villi formula with the inclusion of two-pole terms (coming @é.g. 
from the p and © particles) would probably eliminate, at least in part, the difficulty 
pointed out above. 


i We acknowledge helpful discussions with members ot the CERN theoretical 
division, and especially Prof. D. Amart. 


(*) R. BARLOUTAUD, J. MRUGHEBAER1, A. LEVEQUE, J. MEYER and I. OMNES: to be published 
on Phys. Rev. Lett. | | 

(°) It might also be that both CA and 6; are isovector states. In this case one could pro- 
bably fit the isovector form factors of the nucleons by assuming reasonable es between 
each of the two e’s and the nucleons. The resulting expressions for the form factons Bee be still 
of the CI type, as in the case of a single resonance. si 
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Recensioni. 


J. A. RICHARDS, F. W. SEARS, M. 
R. WEHR and M. W. ZEMANSKY: 
Modern University Physics; Ad- 
dison- Wesley Publ. Co., Reading, 
Mass., U.S.A. e London, Giugno 
1960: pp. 993. 9 9.75: 


This text is both new and old, dicono 
gli autori all’inizio della loro prefazione, 
e noi concordiamo con la loro opinione. 
Infatti il testo è in buona parte preso da 
due opere precedenti: University Physics, 
di SEARS e ZEMANSKY; Physics of the 
atom, di WeHR e RICHARDS. L'opera è 
stata riscritta in alcuni capitoli (p. es. 
il capitolo sul lavoro e sull'energia), e 
vari argomenti delle due opere suddette 
sono stati eliminati; ma nel suo insieme 
trattato è diviso piuttosto 
questa 


il nuovo 
armonicamente, e 
rifusione le cui cicatrici si possano scor- 


non è una 


gere a prima vista. 

In molti aspetti è un libro nuovo, 0 
almeno aggiornato. Si cerca costante- 
mente di allineare le difficoltà di calcolo 
con i corsi di matematica: si introduce 
(nel giro di 30 pagine) la relatìvità spe- 
ciale con un discreto commento storico, 
con le formule fondamentali di trasfor- 
mazione, e con alcuni efficaci esempi presi 
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dal mondo nucleare. Si dedicano 160 pa- 
gine (su un totale di 960) alla fisica delle 
particelle elementari, con qualche mo- 
desta apertura alla meccanica quanti- 
stica, e con una efficace presentazione 
della simmetria microscopica della na- 
tura. Si veda ad esempio il simpatico 
quadro a p. 958. 

In questi anni sono attive in ogni 
Università le discussioni sull'ordine da 
seguire nellinsegnamento della fisica 
generale: è in aumento (o almeno io lo 
spero) la schiera di chi si chiede se la 
termodinamica non dovrebbe seguire 
anzichè precedere l'elettricità, per den- 
sità di concetti e per non mancare al 
suo compito di sintesi e di strategia 
nella fisica; se la meccanica relativistica 
non dovrebbe entrare più decisamente 
nei trattati della fisica generale; se la 
posizione dell’ottica in un trattato non 
andrebbe ormai profondamente revisio- 
nata. In questi riguardi il trattato di 
RICHARDS e coll. non presenta soluzioni 
rivoluzionarie, ed anzi segue schemi 
ormai classici, con le solite conseguenze 
che possono apparire ad alcuni gravi e 
ad altri, più storicisti, coerenti ed armo- 
niche. 

La termodinamica, ad esempio, viene 
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prima della struttura della materia, degli 
atomi e delle molecole, ed il concetto 
principe di energia interna appare quindi 
al solito senza aperture, senza critica, 
quasi convenzionale (cfr. § 17-1). 

Una domanda viene spontanea ad 
un docente in Italia: sarebbe adottabile 
per il corso biennale di fisica ai fisici? 

Ebbene, in questo trattato c'è piu 
e c'è meno di quanto noi vogliamo nor- 
malmente dai fisici alla fine del nostro 
biennio: maggiore informazione e mag- 
giore divertimento (smettiamola di fare 
dispense, facciamo libri, con chiari di- 
segni, fotografie, tavole: le dispense sono 
tristi!); minore rigore e minore forma- 
zione matematica. 

Se in generale lo consiglio? Certa- 
mente sì, anche perchè lo trovo piace- 
vole, efficace negli esercizi, agevolmente 
memorizzabile. 

G. SALVINI 


E. FERMI — Notes on Quantum Me- 
chanics. The University of Chi- 
cago Press, Chicago; pp. 171, 
costo $S 1.50. 


Questo libro riproduce i fogli mano- 
scritti originali degli appunti per un 
corso di Meccanica quantistica tenuto 
nell’ Université di Chicago da Enrico 
l'ermi pochi mesi prima della sua morte, 
che egli ad ogni lezione distribuiva in 
anticipo ai suoi studenti. Indipendente- 
mente scientifico, 


dal suo valore 


esso 
quindi rappresenta un prezioso docu- 


mento personale che può permettere 
mai hanno cono- 
sciuto Enrico Fermi, di entrare in con- 
tatto in modo più intimo di quando lo 


consenta in generale la carta stampata, 


anche a studiosi che 


con alcune linee essenziali del suo pen- 


siero fisico. 

Ovviamente, in ragione della sua 
stessa natura e dello scopo specifico per 
il quale fu scritto, questo testo non può 
trattato 


considerarsi come un di mec- 
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canica quantistica vero e proprio e nep- 
pure presumibilmente come la traccia 
condensata di un potenziale trattato. 
Esso ha uno scopo essenzialmente didat- 
tico, nel senso un po’ speciale di una 
presentazione condensata dell'argomento, 
destinata a marcarne quella traccia fon- 
damentale di svolgimento logico che ogni 
insegnante deve avere in mente quando 
costruisce le sue lezioni, e che appunto 
nella sua scarnità ha il pregio di mettere 
in rilievo immediato i punti essenziali e 
le svolte chiave del pensiero. 

Sotto tale aspetto esso potrà essere 
consultato con molto frutto da chiunque 
si accinga a svolgere un corso sugli stessi 
argomenti, nonchè da qualunque stu- 
che trovare concentrati 
gli assiomi della meccanica quantistica. 
svolge continuità 
secondo vari paragrafi che possono divi- 


dioso desideri 


Il corso si con 
dersi all'ingresso in tre parti principali 
distinte. 

I primi sono dedicati all'esposizione 
della 
tiva colle sue più immediate applicazioni: 
l’equazione di Schrédinger viene imme- 
diatamente dedotta dalla analogia tra 
l'ottica e la classica ed è 
seguita dalla trattazione ormai classica 
dei problemi semplici, come Voscillatore 
armonico e le forze centrali. 


meccanica ondulatorìa semi-intui- 


meccanica 


Nei paragrafi successivi viene esposta 
la meccanica quantistica assiomatica, par- 
tendo dalle proprietà degli operatori 
lineari e dalla ricerca dei loro autovalori, 
per poi passare alla loro rappresentazìone 
tramite matrici ed arrivare al concetto 
ed alle proprietà degli osservabili. 

L'ultima parte, che è anche la più 
estesa, è dedicata ai metodi pratici di 
calcolo e alle applicazioni: teorie per- 
turbative, indipendente e dipendente dal 
tempo, approssimazione di Born, teoria 
semiclassica della radiazione, teoria di 
Pauli dello spin, spettroscopia atomica, 
problema dei sistemi a due elettroni, ed 
infine teoria relativistica dell’elettrone. 

Molti di questi argomenti 
svolti seguento trattazioni ormai 


sono 
del 
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tutto classiche, che presumibilmente 
Fermi nel suo ripensamento della ma- 
teria, considerava come la forma più 
chiara e naturale di esposizione. 

Altre parti invece, specie nei riguardi 
della meccanica operatoriale, anticipano, 
in modo relativamente semplice, svolgi- 
menti e formalismi che di solito si tro- 
vano in trattazioni di livello più astratto, 
ciò che le rende particolarmente feconde 
ed istruttive. 

Il libro quindi nel complesso, oltre 
che per il costo assai modesto, si racco- 
manda da sè, sia per l’interesse che offre 
quale avvicinamento alla visuale della 
meccanica quantistica di una delle mag- 
giori personalità della fisica contempo- 
ranea, sia per l’intrinseca chiarezza che 
tale visuale possiede in sè e che traspare 
in queste brevi note, come in genere 
traspariva da ogni scritto di Fermi. 


N. DALLAPORPA 


S. S. SCHWEBER: An Introduction to 
Relativistic Quantum Field Theory. 
Row, Peterson and Company, 
1961; pp. 905. 


Questo volume monumentale è nato 
dall'esigenza di rivedere e aggiornare il 
ben noto Fields, vol. 1, 
pubblicato sei anni fa, di cui 
autori lo stesso SCHWEBER, H. A. BETHE 
e IF. pe Horrmann. Tutti coloro che 
hanno lavorato in questi anni con la 
teoria dei campi relativistici avranno 
certamente avuto occasione di consultare 
Mesons and Fields e probabilmente ne 
ricorderanno l'assoluta mancanza di siste- 
maticità che rendeva difficile una lettura 
continuata. Una caratteristica evidente 
del nuovo libro di SorrwEeper è invece 
lo sforzo di presentare una visione il più 
completa possibile di tutti gli aspetti 
della teoria dei campi studiati negli 
ultimi dodici o tredici anni, cercando 
inoltre di estrarre il filo conduttore che 


Mesons and 


erano 
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ha portato agli sviluppi più recenti del 
metodo struttura del 
vecchio volume si ritrova solo in pochi 


assiomatico. La 


capitoli, essenzialmente in quelli riguar- 
danti lo sviluppo perturbativo della ma- 
trice NS, l’elettrodinamica quantistica e 
la teoria della rinormalizzazione (capi- 
toli 13, 14, 15 e 16). Ciò si comprende 
facilmente non essendovi stati sviluppi 
recenti di questi argomenti. Vogliamo 
invece indicare gli argomenti che rap- 
presentano una novità, non solo rispetto 
al vecchio volume Mesons and Fields, 
ma anche rispetto agli altri libri sulla 
teoria dei campi, oggi esistenti, nel senso 
che vengono per la prima volta inclusi 
in una esposizione sistematica. Questi 
argomenti possono con una certa appros- 
simazione dividersi in due gruppi: 

a) questioni trattabili nell’ambito 
dell'ordinario formalismo Lagrangiano ; 

b) problemi nati dallo sviluppo 
sistematico della rappresentazione di 
Heisenberg e che hanno portato alle 
recenti analisi della struttura della teoria 
dei campi, generalmente 
nome di formulazioni 


indicate col 
«assiomatiche ». 

Tra gli argomenti del primo tipo nel 
capitolo 12 vengono trattati in dettaglio 
i modelli non relativistici risolubili esat- 
tamente o trattabili con metodi di 
approssimazione non perturbativi. In 
particolare vengono esposti la teoria 
del campo scalare, il modello di Lee e 
la teoria di Chew e Low. La discussione 
dei modelli è estremamente dettagliata, 
vengono eseguiti tutti i passaggi anali- 
tici importanti e se anche la trattazione 
ne risulta talvolta appesantita vi sono 
in compenso notevoli vantaggi dal punto 
di vista didattico. Sempre nell’ambito 
del formalismo Lagrangiano viene messo 
in rilievo il ruolo sempre maggiore avuto 
dai principi di simmetria nell’impostare 
il problema delle interazioni tra parti- 
celle elementari e il capitolo 10 viene 
interamente dedicato alla 
dei possibili. Lagrangiani 
con i principi di invarianza suggeriti 
dall'esperienza. 


discussione 
compatibili 


E anche da ricordare il 
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capitolo 11 sulla teoria formale dei 
problemi d’urto. 
L'ultima 


alle questioni di tipo b), è forse la mi- 


parte del libro dedicata 
gliore e a questo proposito occorre ricor- 
dare che il lavoro di ricerca dell'autore 
si è svolto finora principalmente nel- 
l'ambito di questi problemi. L'interesse 
maggiore di questa parte sta nel fatto 
che rappresenta una introduzione relati- 
vamente facile agli sviluppi formali della 
teoria dei campi degli ultimi anni. 
Mentre la lettura degli articoli originali 
è piuttosto faticosa per il lettore che 
non sia particolarmente addentro nel- 
l'argomento, l'esposizione di Schweber 
riesce a stabilire certa continuità 
tra le vecchie formulazioni della teoria 
ei nuovi tentativi. Particolarmente note- 


una 


delle formulazioni 
di Wightmann e di Lehmann, Symanzik 


vole la trattazione 


e Zimmermann dove l’autore mantiene 
efficacemente l'equilibrio tra la discus- 


sione dei dettagli matematici e delle 
idee generali. La dimostrazione delle 


relazioni di dispersione unidimensionali 
chiude il volume. Il contenuto di questi 
ultimi due capitoli costituisce oggi parte 
delle nozioni al fisico delle 
alte energie. Vi sono molte monografie 


necessarie 


sulle regole di dispersione (per lo più 
dispense di corsi di lezioni) che tuttavia 
riescono spesso di lettura non agevole 
poichè non si 


mentare di 


ricollegano al tipo ele- 
preparazione sulla teoria 
dei campi ricevuto dalla maggior parte 
dei fisici. Il libro di Schweber ci sembra 
in grado di colmare questa lacuna. 

È forse opportuno concludere con 
un breve confronto trattato di 
Bogolubov e che rappresenta 
l’unica opera già pubblicata sull’argo- 


con il 
Shirkov 


mento paragonabile a questa per la 
vastità della trattazione. Si può dire 


che le impostazioni deì due libri sono 
in parte complementari. Mentre nel 
Bogolubov e Shirkov l'interesse è note- 
volmente concentrato sui problemi mate- 
matici posti dalla teoria, lo Schweber ha 
sempre presenti i problemi applicativi. 
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Dalla diversa impostazione segue che 
non vi è praticamente sovrapposizione 


tra i due testi e gli argomenti comuni 
vengono trattati con tecniche general- 
Il lettore che 
pertanto approfondire la teoria dei campi 
oltre il livello elementare potrà scegliere 
l’uno o l’altro trattato a seconda che il 


mente diverse. desideri 


suo interesse vada prevalentemente verso 
la matematica o le applicazioni della 
teoria dei campi. 


G. JONA-LASINIO 


GORDON FRANCIS: Jonization Pheno- 
mena in Gases; London, But- 
terworths Scientific Publication, 
1960; pp. vii-300, 60 s. 


Nella prefazione del libro è detto 
che esso vuole essere complementare ad 
altri recenti testo in 
campo. Si può dire subito che questo 


libri di questo 
scopo è stato raggiunto, sia nella scelta 
degli argomenti trattati, sia nello stile 
con cui presentati. Il libro è 
qualche cosa di intermedio fra un testo 
descrittivo, in cui sono esposte le pro- 
prietà dell'arco, della scintilla e della 
scarica a 


Sono 


bagliore, e un testo teorico, 
analogo al piccolo libro dello Spitzer, in 
cui, tanto per fare un esempio, non si 
vede mai la scarica. 


fotografia di una 


Il primo capitolo è una breve pre- 
struttura atomica: 


avrebbe potuto essere forse omesso in 


messa sulla esso 
quanto un testo specializzato non può 
mai essere completo. Per esempio un 
capitolo sulle equazioni di Maxwell sa- 
rebbe stato altrettanto utile, se non di 
più. Il secondo capitolo è intitolato 
Processi fondamentali. La prima parte di 
questo capitolo consiste in una descrizione 
concisa degli eventi atomici, cioè urti 
elastici ed anelastici fra elettroni, atomi 
e fotoni. La seconda metà è dedicata al 
coefficiente x di Townsend, ai processi 


secondari ed ai coefficienti di mobilità 
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e di diffusione; sono cioè trattati feno- 
meni in cui entra in gioco un gran nu- 
mero di particelle. 

Il terzo capitolo contiene un'ottima 
discussione del principio di similitudine 
e delle sue limitazioni. Questo capitolo, 
breve ma chiaramente scritto, è molto 
utile in quanto non è del tutto chiaro 
dalla letteratura perchè «/p e la velo- 
cità, di trascinamento w siano funzioni 
del rapporto X/p fra il campo elettrico 
e la pressione. L'autore spiega perchè 
e sotto quali condizioni sia valido il 
principio di similitudine. 

Il capitolo 4 è un capitolo lungo e 
dettagliato su Scariche in corrente alter- 
nata e in alta frequenza. Questo è un 
argomento in cui lo stesso autore ha 
lavorato, e senza dubbio, molti fisici 
troveranno questo capitolo, con la sua 
vasta bibliografia, una delle parti più 
interessanti del libro. 

Il capitolo quinto tratta brevemente 
l’alta atmosfera ed è seguito da un 
capitolo sulle scariche ad alta corrente 
e sulle reazioni termonucleari. Questo 
argomento è naturalmente di grande 
interesse poichè l'energia termonucleare 
è la ragione principale per cui negli ultimi 
dieci anni si è molto inerementato lo 
studio della fisica dei plasmi. Il capitolo 
in questione è una introduzione a questo 
argomento; discusse abbastanza 
dettagliatamente le scariche a strizione 
magnetica e più brevemente le macchine 
a specchi magnetici e gli « stellarator ». 
L'autore ha dato importanza ai principi 
fisici, evitando sia la matematica asso- 
ciata con la teoria delle instabilità idro- 
magnetiche che il gergo relativo ai dispo- 
sitivi sperimentali. 

L'ultimo capitolo contiene una rela- 
zione sulle oscillazioni e le onde nel 
plasma, compreso lo smorzamento di 
Landau, cioè lo smorzamento che ha 
luogo anche in assenza di collisioni. 
Questa è forse la prima volta che i 
diversi risultati di vari autori sono rac- 
colti in un libro di testo. 

La spiegazione fisica dello smorza- 


sono 


Le) 


mento di Landau non è però molto 
convincente. Il meccanismo deseritto è 
quello dell’intrappolamento delle parti- 
celle, ma non si capisce bene perchè le 
particelle vengano intrappolate. Ci si 
può infatti facilmente immaginare una 
onda che viaggia senza venire smorzata, 
sia che una data particella venga intrap- 
polata o no. È chiaro tuttavia dalla let- 
teratura recente che questa dispersione 
di energia non è ancora ben compresa. 

Come in quasi tutti i libri, ci sono 
piccoli errori ed inesattezze; se ne cite- 
ranno qui due. La ben nota distribuzione 
di Druyvesteyn è data a pag. 41 ma 
non è detto quando essa valga. Deve 
esistere infatti qualche condizione per il 
campo elettrico, in quanto se questo è 
estremamente piccolo ci si aspetta una 
distribuzione Maxwelliana. 

A pag. 232 si afferma che frequenze 
maggiori di quella di plasma non pos- 
sono penetrare nel plasma stesso ! 

Io ho già raccomandato il libro ai 
miei studenti e colleghi. Il libro è stato 
scritto per laureandi e per fisici all’inizio 
della loro carriera, ma esso può anche 
costituire un’utile aggiunta alla biblioteca 
di chi già lavori in questo campo. 


Ole ie Anemia 


À. GOLDSMITA, T. EH. WATERMAN 
and H. J. HIRSCHHORN — Hand- 
book of Thermophysical Properties 
of Solid Materials, vol. I. Perga- 
mon Press, Oxford, 1961; pp. 758, 
prezzo dei 5 volumi § 75. 


Si tratta di opera di notevole mole 
compilata dalla Armour Research Foun- 
dation con grande impiego di mezzi. 
L'opera si presenta sotto una forma tipo- 
grafica eccellente e risulta di facile con- 
sultazione, ed è chiaramente il frutto 
di una intelligente organizzazione che 
ha curato in dettaglio lo studio, la valu- 
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tazione e poi la compilazione dei dati 
disponibili fino al 1960. 

Le proprieta fisiche riportate sono le 
seguenti: punto di fusione, densita, ca- 
lore latente di fusione, calore specifico, 
conducibilità termica, proprietà ottiche 
di emissione e riflessione, espansione 
termica, tensione di vapore e resistività 
elettrica. 

L'opera è suddivisa in cinque volumi, 
per coprire gli elementi a punto di fusione 
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superiore a 1000 °F nel primo volume, 
le leghe nel secondo, le ceramiche nel 
terzo, i polimeri ed i composti inter- 
metallici e di altro genere nel quarto. 

Certamente sarebbe desiderabile che 
questa pregevole raccolta di dati si tro- 
vasse nella biblioteca dei nostri istituti 
universitari e dei laboratori industriali, 
ma temiamo che il prezzo troppo elevato 
ne possa limitare la giusta diffusione. 


G. CARERI 
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